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PREFACE

Most current military and all civil engines are operated under "Safe-life" procedures for their critical components.
Experience has shown that this Philosophy presents two drawbacks:

(a) The move towards designs allowing higher operational stresses, and the use of advanced high-strength alloys make it
likely that a disc burst could happen (following a rapid crack growth) well before the statistically-based 'Safe-life" has
been achieved.

(b) It is potentially wasteful of expensive components, since it has been estimated that over 80%/ of engine discs have ten or
more low cycle fatigue lives remaining when discarded under 'Safe-fife rules.

Damage Tolerance being an alternative lifeing philosophy, the Sub-Committee on -Damage Tolerance Concepts for the
Design of Engine Constituents" has therefore decided to conduct a series of four Workshops addressing the areas critical to
Damage Tolerant design of engine parts.

The present report includes the papers presented during Workshop I which was devoted to Non-Destructive
Evaluation of Components. r- A N C 5. ) :

It also includes the content of the discussions which followed the presentations. On behalf of the Structures and
Materials Panel, I would like to thank the authors, the recorders of the discussions and the session chairmen whose
participation has contributed so greatly to the success of the Workshop.

R.LABOURDE1TE
Chairman. Sub-Committee on
Damage Tolerance Concepts
for the Design of Engine
Constituents

La totalite des rnoteurs civils er Ia phupart des moteurs militsires sont actsiellement mis eni oeuvre suivant let concepts
de "dur~e de vie certaine" en ce qui concerne leurs parties vitales. La pratique de cette approche a mis en e~vidence les deux
inconvinients suivants:

(a) La tendance i l'utilisation des moteurs tout contraintes mecaniques plus elevees et l'emploi d'alliages A haute resistance
rendent possible liiclatement d'un disque (a la suite d'une progression rapide de fissure) avant que la "durde de vie
certaine", ilvalu& statistiquement, sit et6 atteinte.

(b) On observe 6galement un gaspillage de pi~ces on~reuses, puisqu'on estime que 80% environ des disques retires du
service confornement aux re~gles de "durie de vie certaine" ont encore un potentiel superieur A dix dur~es de vie en
fatigue oligocyclique.

La Tolerance aux Dommages constituant une autre approche possible de ls definition des potentiels de vie, le Sous-
Comit6 "Concepts de Toierance aux Dommages pour le dimensionnement des composants d~e moteurs" a decide d'organiser
une s~tie d~e quar- Ateliers consacres sus divers aspects d~e [a Tolerance aux Dommages applique aus moteurs..

Le present rapport contient let diverses presentations effectuees hs loccasion du premier dentr'eux traitant des
techniques d~e Contr6le Non Destrutuf. On y trouve egalement un comptc-rendu des discussions qui ont suivi let diverses
presentations.

Au nom de Is Commission Structures et Materiaux, je remercie les auteurs. les rapporseurs d~e discussion et let
presidents de sessions qui ont grandeinent contribue au succes de cet Atelier.

R.LABOURDE1"rE
Prdsident du Sous-Comit6
-Toierance au Domm'xges pour let
composants de moteurs"
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THE IMPACT OF ENGINEERING ASSUMPTIONS ON HOE REQUIREMENTS

R H JEAL
Chief of Materials and Mechanical Technology

Rolls-Royce plc
P 0 Box 31

Derby
DE2 8BJ

1. Introduction

In assessing the performance of a structure or component he has designed the engineer
has to make a number of assumptions about its characteristics as it goes into
service.

To assess the validity of these assumptions they are best considered in two
categories:

a) the geometry

b) the material condition

Geometrical aspects - including surface finish - have the advantage they can be
directly measured on the individual parts for comparison with those originally set.
The designer can calculate the size of acceptable deviations from the norm and
production is accepted or rejected on the basis of these tolerances. Material
condition is a more difficult concept to deal with. It covers a wide range of
phenomena ranging from cracks, scratches and porosity through to the details of
material microstructure which represent a deviation from the designers assumption of
a material as a continuous, isotropic, homogeneous media free from defects. These
deviations are both difficult to find and their effect on performance is difficult
to assess. Designers in the past used to assume safety factors to account for the
unseen presence of defects, but which have caused in-service failures. As more
efficient use of available materials has been sought these factors have been reduced
but at the price of greater "perfection" in the materials. This has led to increasing
demands upon the ability of the designer to assess the behaviour of discontinuities
and set the defect standards, and for the inspection engineer to establish techniques
that will find smaller and smaller defects in more and more difficult situations on
ever increasing degree of certainty.

This papcr charts the way these changing design requirements have impacted upon the
problem presented to the inspection engineer and points the way to the future
changes. This workshop will cover the inspection engineers response to these
demands and set out the work required for the future.

2. Engineering assumptions

In predicting the behaviour of a structure the design engineer has to assume a material
model that relates the stresses he has calculated from the applied loads to strains and
then to appropriate failure criteria.

2.1 Traditional Assumptions

At its simplest the model will be one of a homogeneous, continuous, isotropic media with
stress directly proportional to strain with failure occurrinG when the stress reaches a
critical value - the tensile strength. (fig 1).

The manufacturer of a structure designed to such a model has to show he has not
introduced any deviations from the model ie. it contains no defects which will reduce the
load carrying capacity of the structure (cracks, porosity etc). The task he sets his NDT
Engineer is to check for such discontinuities and reject all found.

Safety is built into the system by setting an operating stress at a fraction of the
failure stress that experience has shown to be safe (either from test or service).

The degree of material perfection this demands is set by the discrimination of the
inspection methods used - their sensitivity setting the real meaning of the required 'no
defect' standard.

Subsequent in service failures are then dealt with by establishing the cause and then
eliminating it by changing the manufacturing method and applying a more sensitive
inspection method that would have found the offending discontinuity.

This approach is still the most widely used one even in non-critical aerospace
structures.

As the demands on the designer for lighter, higher load bearing, more cost efficient
structures has increased however, a number of short falls have been found.

a) Without detailed knowledge of the way a material departs from the ideal assumptions
the safety factors required lead to inefficient use of material in the structure.

= -nnmmnaumni nm l i ll i___u__ m
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b) The simple materials model was not applicable to the new high strength alloys being
introduced.

c) Under a cyclic stress environment detailed knowledge of the material discontinuities
is needed to predict life.

A number of different steps were taken to adapt the behaviour models to meet the demands
of these new materials and conditions. These were covered in the AGARD Conference on
Damage Tolerance Concepts for Critical Engine Components in 1985 (Ref I and 2).

The current behaviour models now being used to predict the behaviour of components under
cyclic conditions are based upon an understanding of the total fatigue life as shown in
fig 2 (Ref 3). The materials potentially move through each of the life stages shown in
the figure in a way that is dependant upon factors relevant to the dominating mode of
behaviour in that stage.

The more important factors are listed below:-

(1) Crack Nucleation Phase

The number of cycles in which a crack nucleates will depend upon the applied stress
and local stress raisers created by discontinuities in the material. The size of
crack that occurs will be related to the critical microstructural elements of the
materials.

If a propagating crack is present from the beginning this stage obviously is not

applicable.

(2) Small Crack Growth

The rate at which the crack grows will be dependant upon the applied stress and the
structural features it is moving through. Provided the nature of the microstructure
is known the growth rate is predictable.

(3) Large Crack Growth

The critical failures are crack size and stress levels. Large discontinuities within
the material or at the component surface can effect life predictions in this phase.

The total effect can be sunned up as a stress/life curve (Fig 3) which shows that
relatively long lives can be achieved if life is dominated by stress induced cracks
(curve 1), only short lives are predicted in propagating cracks are always assumed
to be present (curve 3) - the inspection related lives can be calculated if a
probabilistic approach to the presence of propagating cracks or malignant defects
is taken (curve 2). (Fig 4).

The design engineer can now make appropriate assumptions about the material from his
understanding of defect behaviour and component test/service experience and draw up an
appropriate quality standard which the manufacturing engineer has to demonstrate the
component meets - by a combination of appropriate process control and non destructive
inspections.

The major difference between yesterdays and todays quality standards is the change from
"no defects are acceptable" to quantitative limits eg "the surface shall not contain any
cracks above 1mm in length".

This demands no longer just applied to the initial condition of the component but also
throughout its life.

3. Quality Acceptance Requirements

The original demands by the designer upon the manufacturing engineer were simple. The
piece going into the engine must be at least as good as the pieces that were tested to
give the design and lifing data. This led to the approach of fixed manufacturing
practice and quality standards that rejected parts showing indications found by fixed NDT
procedures. The required physical attributes of the component were specified as the
product of the defined fixed process (eg microstructure, residual stress) and the
inspection process was used to ensure that any gross aberrations could be rejected.
Simple release tests, such as tensile and creep of specimens cut from test rings, were
used to check the piece had gone through the designated process and responded in the
expected way (eg. heat treatment of martenistic steels where the heat treatment was
repeated is the designated properties weren't reached).

Todays requirements of the design engineering are far more critical. His assumptions
behind the life calculation assume certain physical attributes of the component, relating
to material microstructure, surface condition, residual stress and sub-surface
discontinuities - all specified on a quantitative basis. Whilst these should be within
the process capability (see below) the manufacturing engineer must show by a combination
of process control and inspection that the component he produces has the attributes the
designer has assumed. The engineering quality demands have, therefore, changes from a
simple no "indications" demand to a list of quantitative factors that need individual
control statements about the process and inspection from the manufacturing quality
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organisation. The role of the NDT specialist is to interpret the engineer's requirement
into the quantitative results of an NDT process - both in terms of sensitivity and
repeatability, - results that can then be used to monitor the ongoing capability of the
manufacturing process.

Whilst this is not too difficult in the controlled environment of the manufacture shop
things become far more difficult once the piece goes into service - but the requirement
for inspection continues through the component life as it follows its designated life plan.

The factors likely to be called up in fig 5. Whilst some of these can be inspected for
non-destructively the list illustrates the line can only be covered by tight on going
process control.

4 The Role of NDE Reliability and Component Integrity

This can be best considered by looking at fig 3.

4.1 Lives based upon crack nucleation

If the design engineer is to make safe use of the nucleation life of a component -
curve (1) - he must be sure the material does not contain any propagating cracks as
new, and that any subsequent in-service incidents such as frettage or fitting damage
do not detract from that nucleation life.

If such an assumption were to be based upon inspection alone - a common current
assumption - the NDT engineer would have to give 100% guarantees that his methods
were completely reliable at all crack sizes. This is clearly not possible - such an
approach could only be underwritten by using processes that don't cause the cracks
with inspection acting as a check on process capability.

Under these circumstances the inspection does not need to be completely quantitative
- the presence of any indication has to be taken as a warning to examine the process
because it is going out of the necessary control.

Such an approach does not have any credence in-service as the very need for
inspection is created by lack of total understanding of the in-service conditions.

4.2 Lives based upon inspection

If the assumption is made that process control cannot be relied upon at all then the
material is assumed to have propagating cracks just outside the sensitivity of the
inspection process used (curve 3).

Under these circumstances the sensitivity of the inspection process are paramount in
determining the component life. They need full definition as applied to the
component under consideration and must be met at all times.

This approach is the only one applicable to in-service inspections when used for

component life extension beyond that of the worst of the family.

4.3 Lives on a probabilistic approach

This approach (curve 2) assumes that defects can be present but that the total
probability of them effecting life (including being found) lies within acceptable
risk. In this case the degree of sensitivity and reliability demand from the NDT
engineering is determined by the chance of the process producing the defect - the
higher the chance of producing one, the higher the requirement to find it.

This approach is the one most suited to new components, but the NDI sensitivity has
to be set higher than the component rejection rate to provide the on-going
information to assess the probabilistic behaviour.

The degree to which the NDI process needs understanding is between the above two -

exactly where depending upon the quality of the project.

5. Design Intent Process Capability on In-service Life - role of NDE

In an ideal world the design intent and process capability of a component would be
matched with a in-service life distribution that let the operator use the majority of
useful life of all components under all in service conditions.

Under those circumstances there would be no need of inspection.

The need for inspection in the real world is created, therefore, by a breakdown of the
ideal.

Lack of match between design intent and process capability.

b) Lack of understanding of in-service conditions.

c) Wide scatter of life capability within any component family.

i ,,-
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5.1 Lack of design intent/process capability match

This can occur for two reasons:

a) the designer cannot achieve the engineering objectives within the capability
of the total product of the process.

b) the process capability is not consistent and can drift out of the established
match.

The role of NDE is different in these two cases.

For a) the NDE process sets the absolute quality standard going on into the engine.
Because it acts as such a gate its reliability is critical as failure will let
sub-standard parts into service.

The level of dependance on NDE in such circumstances has really been shown by
experience to be too high and will inevitably lead to in-service failures. Such
circumstances should only have been accepted where such failures are acceptable on
both safety and economic grounds,

For b) the NDE is being used to establish trends in the process output and thus the
absolute accuracy of the inspection is not critical provided it is reasonably
consistent. The adverse trends in findings can then be used to re-examine the
process controls and reverse the trend in product quality. This is the ideal use of
NDE in a manufacturing environment.

5.2 Lack of full understanding of in-service conditions

This is inevitable because it is not economically feasible to cover all possible
conditions in an engine development programme.

As a check on components during the declared life it can be used to confirm that the
assumptions made were valid and that no major life reducing factors were missed - by
giving early warning of cracking and damage.

As this is a sampling technique the demands on the inspection are not 100% and so,
provided the techniques used are well qualified, NDE offers a valid way of checking
in-service behaviour.

5.3 NDE can also be used to extend in-service life on a 'life on condition' basis. Such
an approach demands a high level of repeatability and reliability in the inspection
method - level which are probably achievable in specific circumstances (eq. where
the incident of known cracking is being followed) but probably not achievable on a
general basis unless a higher risk of failure is acceptable.

6. Conclusion

As the demands of the engine on Components has increased the need for qualitative quality
standards for those components has become evident - both as new and in-service. The
qualitative demands of the designer cannot be met solely be qualitative NDE - they should
be met by relying on enhanced process control supported by trend analysis basis on NDE
rather than setting absolute quality levels by NDE.

Fig 6 shows the preferred applications for NDE on this basis.

With such an approach in mind quantitative NDE becomes a feasible proposition as its
results can be used on a probablistic basis both by the design and manufacturing
engineers.

The papers in this workshop should illustrate the detailed technical needs created by
todays quality requirements and show how far we can rely on inspeztion results in future.
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BASIC MATERIAL MODEL

All materials are elastic isotropic homogeneous media free from detects.
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Fig I Basic Material Model
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Fig 2 Stages of Fatigue Life Fig 3 Stress vs Life Defect Curves

P, Probability of a disc containing a defect.

P, Probability of a flo being missed by Inspection.

P, Probability of a defect being is a high stressed region.

P. Probability of a defect behaving &a a crack.

P. Probability of variation in crack propagation rates.

P, Probability of variation in fracture toughness.

P, Probability of unk-soSM.

Fig 4 List of Probabilities for Sub-Surface Life PFrediction
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FACTORS IN FGINRRING OUALITL STANDAR1US

Surface Requirements Sub-Surface Rersireaments

Permitted Crack Sine ( M) Ultrasonic Response as standard
Artificial Defect (SAD).

Grain Sine li en - equivalent flat bottom hole sze.

Macrostructural features (lM) Inclusion size

Microstructural features (e) Residual Stress

Inclusions (em) Defect distribution (within component
and on going)

Porosity (M.)
Microstructure

Machinery abuse/Surface strain

Scratches ( m)

D*nts/Bruising

Fig 5 Factors in Engineering Quality Standards

APPLICATIONS FOR NDR

ReIn Requiring a probabaliStic underamanding of Requiring an absolute understanding
Sensitivity and repeatability of sensitivity and repeatability

Design Confirming Process Control aet quality lifing based on 'defect free
Intent levels assumptions'.

Process Monitoring product quality trends aetting gulity leve wheje des"go

Capability Intent .oceede vrne s apabilily.

In-service Confirming calculated design lives Life satension beyond family
Mantoring minimum (life-on-conditcnm.

Fig 6 Applications for NDE
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REVIEW OF EXISTING NDT TECHNOLOGIES AND THEIR CAPABILITIES

Leonard J. Bond
Non-Destructive Evaluation Centre

Department of Mechanical Engineering
University College London

Torrington Place London WClE 7JE U.K.

ABSTRACT

This paper presents a review of the current and expected future defect detection and
characterisation capability for selected NDT technologies: four technologies were
considered; dye penetrants, eddy currents, various ultrasonic techniques and radiography.
It will be shown that no single figure should be used as the detection limit to
characterise the capability of a particular NDT technology. A specific NOT technology
or system is best characterised using a probability of detection (POD) curve and/or
reliability of characterisation (ROC) curve. Any evaluation of an NDT technology must
include consideration of the human factors associated with its operation. No single POD
or ROC curve is adequate to characterise a particular technology as both part geometry
and material have a signigicant Impact on performance.
With the exception of eddy current technology it would appear that the measured defect
detection limits established in the laboratory in the mid 1970's have not been changed
significantly since then. However in recent years there have been significant changes
in the NDT performed in production and inservice, not least through the collection of
some POD and ROC data. Further work is required on the statistics used to estimate the
performance capability for NDT. Major advances have been made in automation,
instrumentation and systems which are used to implement NDT.
It is to be expected that through the increased use of automation and computer based
technologies the best defect detectior limits for the various NDT technologies, that are
now only available in the laboratory; : performance close to this level, could become
reliably available in production and In due course result in improvements in the
capability of in-service inspections for use as part of life-extension or retirement for
cause programmes.

i. Introduction

This paper presents a review of selected NDT technologies with regard to their
capability and reliability to detect and characterse defects in critical aero-engine
components such as discs and blisks (integrally bladed discs), both in production and
after service.

The performance of non-destructive testing Is considered both at the time of
manufacture and after service for parts fabricated from powder metals including API
and with particular consideration given to the needs of the new European Fighter
Aircraft (EFA).

Various NDT technologies have been considered with the aim of establishing the
current capability of each technology; In terms of defect detection capability and
probability of detection rates. The cause of the limits on performance are reviewed
and areas where development can be expected in these and other NDT technologies
within the next 5 to 10 years have been identified.

The NDT technologies selected for consideration were;

i. dye penetrants, including automated systems.
ii. eddy-current and uther electromagnetic NDT technologies.

iII. ultrasonic NDT in various forms.

iv. radiography.

This review considers the application of NDT to aero-engines measured in terms of the
reliability with which any NDT technology can be expected to perform in production or
in-service and as part of any fracture mechanics based life extension or retirement
for cause programme.

A major review of NDT methods for propulsion systems is given in a previous AGARD
document (1). A variety of new lifing philosophies are being considered for critical
aero-engine components and these include Damage Tolerance (DT), Fracture Mechanics
based Life Extension and Retirement-for-Cause (RFC). At a more recent AGARD meeting
the complete range of damage tolerance concepts for critical engine components have
been considered (2) and the proceedings include some consideration of NDT. There
has also been a growing realisation of the impact of human reliability on inspection
(3,4).
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The current capabilities of the various selected NDT technologies are reviewed and
compared in general terms in Section 2. Section 3 then presents a summary of the
various factors limiting the performance of these specific NDT technologies. The
current and expected developments in NDT capability are considered in Section 4.
Some conclusions are provided as Section 5.

2. NDT Technologies; current capability

The literature has been reviewed and material collected so as to establish what
are; i. defect detection limits, ai~d ii. the probability of defect detection, for
particular types and sizes of defects, for each NDT technology considered.

The general problem of how to establish a methodology to determine the reliability
of flaw detection by NDT, its relation to design, statistics, demonstration
programs and an assessment of inspection reliability has been considered by Packman
et al (5).

The details of the requirements and methods used to validate the capability of a
specific technique or technology applied to a specific problem are outside the
scope of this review and they have not been considered in detail. The general area
of reliability strategies has been considered by Buck and Wolf (6) and more recently
specific models for predicting NDT capability have been developed. (e.g. 7,8,9 and
10).

In a paper by Comassar (11), in an AGARD monograph on 'NDI methods for propulsion
systems', data was provided which compares the probability of detection (POD)
capability for various technologies which detect surface defects. However no
specific crack lengths are given and the specific geometry involved is not
specified. It may be interesting to note that in this paper it was said that the
NDT requirement for aero-engines is to be able to detect 0.01" (254 pm) surface
defects. In the same report various additional general data is also to be found.

The most recent paper to be found which gives comparative figures for the defect
detectioncapabIlity for various NDT technologies was by Branco (12). He, in turn,
quotes data collected by Pettie & Krupp (13) and the paper by Branco states that
'NDT is not able to detect flaws with sizes below those quoted in Table 1'.

Table 1 gives performance data for NDT on steel and when reviewing the various
published studies it is this data which is used as a base line. Of particular
interest are the three headings under which the NDT techniques are given; (I) Test
specimens, laboratory inspection, (it) Production parts, production inspection and
(iII) Cleaned structures, service Inspection.

In some sense the data in Table 1 is presented in a simplistic fashion; the data
is that for 25 mm ferritic steel samples with a surface 63 RMS, there are no details
for the various forms of the technology that were employed, and the geometry
involved is not specified. Also there is no consideration given to the ability to
detect a range of possible types of inclusions which is ef considerable importance
for the inspection of components fabricated from powder metal.

In my review I had expectedto find that there had been significant improvements in
the NDT limits for defect detection capability since the data in Table 1 was
prepared in 1974. However, for the laboratory inspection this has not proved to be
the case. If a single number is required to characterise the capability of a
particular NDT technology, in terms of its detection limit these figures can still
be considered to be valid. The significance of this data is considered further in
section 3.

Data from an ENSTP NDT evaluation of NDT capability is given as Table 2. (14) The
data is in the form of the preliminary conclusions of the USAF 'ENSIP NDT' study
and it is quoted as the detection capability achieved by the average of the majority,
and by the best 10%,of technicians. Human factors are clearly an important
consideration and need further attention. When the data shown in Tables I and 2 Is
compared the stated capability for the best in-service MPI and ultrasonic NDT are in
close agreement. The ENSIP study found penetrant to perform significantly worse
than would be expected from the Table 1 data; however the ENSIP eddy current
performance was much improved and it was closer to the laboratory inspection limit
given in the Table 1.

There have been various more recently reported studies in the USA which try and
provide NDT-POD data. (15,16) A great deal of data is presented in these documents
and it is not truly valid to try and extract just single numbers; there are simply
too many variables Involved and these include part geometry. The best detection
levels achieved are close to those given in the ENSIP data, however in certain tests
and with certain groups of inspectors results appear to fail to get even near the
ENSIP levels of performance.
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Less comparative data would appear to be available for radiography in all its forms
using either X or gamma rays. Several groups simply reject radiography as being
unsuitable for the detection of tight cracks. The fundamental resolution for
radiographic systems is set by the spot size which for research, has been reduced a
little below the stated detection limit given in Table 1. There have been three
recent major development areas in X-radlography and these are micro-focus, real
time and computerised tomography (CT). (17). Much work has been performed in the
medical fields which has significance to the NDT community, however the capital
costs for even research instrumentation can be high. Microfocus and projection
radiography are now being used on critical parts in production and in such work the
best systems give good dimensional measurement capability. These topics are
considered further in section 4.

Among recently reported work Norriss (18) considered the performance of the same
eddy current and ultrasonics systems evaluated against both real and artificial cracks.
It is clear from this work that the performance of NDT systems, as measured against
real and artificial cracks has significance differences; at a given POD it is
consistantly possible to detect smaller artificial cracks than real features. In
one eddy current test in plate a 50% POD was achieved for artifical cracks at about
2.0 mm length and at about 4.5 mm length for real cracks and this was by no means
the largest variation in sensitivity. Similar comments can be made about any size
given in terms of the Flat Bottom Hole (FBH) size as an ultrasonic sizing standard;
a natural defect which gives an echo in an A-scan which is the same height as that
from a particular size Gf FBH can be due to a defect with a true geometric size
which may well be significantly larger. The use of the echo amplitude data for
sizing in ultrasonics increases the uncertainty attached to any size estimate given.

In reports which consider the NDE needs for RFC applied to military engines such as
the F100, P101 and F110 King et al (19) state that a detection capability down to
0.030 inch ( 0.76 mm) surface length is required. They claim that eddy current NDT
can reliably detect surface flaws down to 0.005 inch. (0.12 mm or 120 am). They
also comment that the requirement for fluorescent penetrant inspection is to detect
down to 0.030 inch surface length, but that this capability has not yet been
adequately demonstrated The probability of detection for eddy current NDT in a range
of geometries is shown as Fig I and the POD for fluorescent penetrant inspection Is
shown as Fig 2.

There have also been various other studies which have given single numbers for 'NOT
detection limit'. In a Canadian study into damage tolerance based life extension,
(Koul et al (29)),the figure 1.75 mm was given for '100% detection,, In a paper
which reports the AGARD co-operative test program on titanium alloy engine disc
material. Mon and Raizenne (21) claimed that under proper conditions well motivated
people with very special equipment can detect 0.375 x 0.125 mm (0.015 x 0.005 in)
surface cracks with a 90% probability, 95% confidence level. However it is reported
that it is more realistic to assume crack size for the detection limit is at a
level of 0.75 x 0.375 mm (0.030 x 0.015 in). In a paper on aspects of small crack
growth James and Knott (22) state that the normal NDT detection limit is at about
0.5 to 1.0 mm, although under certain situations perhaps 0.2 mm defects can be
foun . In another place in the same paper the figure of 400pm is given for the NDT
detection limit. This figure is also defined as being near the boundary for short
and long crack growth behaviour in high strength aerospace alloys. However in this
work no specific NDT methods are identified.

In a study by Fiorentin and Walther (23) which specifically considered the detection
of small defects in powder metals, the conclusion was that conventional ultrasonics
in powder metal has a detection limit for volume defects set between 500 and 300im.
Using other NDT techniques, neither x-ray or eddy current techniques were reported
to be capable of detecting these defects over the required depth range. Their work
using ultrasonic frequencies between 10 and 20 MHz claimed to provide an improved
capability for the detection of ceramic inclusions down to 50Pm, in lOm grain size
material, with 70% POD. For Astroloy type material if inspections are to be performed
to a depth of 10 mm a pulse centre frequency of 20 MHz is considered optimal. A
figure showing POB for various inclusions is shown as Fig 3. This detection limit
cannot however be assumed to be valid for any powder metal sample as the base material
grain size has a significant effect in the determination of the detection limits.
The effect of microstructure on ultrasonic noise generation in powder metals has
been investigated by Tittmann et al (24) and equations which can be used to predict
the acoustic noise levels are derived and confirmed with experimental data.

In most studies performance is specified in terms of a 'detection capability'. The
problem of the false call, i.e. giving an indication when there is no real defect
present needs further consideration. Also further work is required to consider the
effects of the probability of NON-detection as it is this which gives the probability

for the presence for the largest defect with particular characteristics which may be
missed. This parameter is central to any fracture mechanics based component life
evaluation; the NDT data for defect type, shape and size needs to be in a form in
which it can be used in fracture mechanics calculations.
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The causes of the limitations for selected technologies are now considered.

3. Causes of the limitations on NDT performance

When the various studies which consider the detection and sizing capability of the
various NDT technologies are reviewed it is Seen that the laboratory, production
and in-service inspection capabilities are significantly different.

Four fundamental areas can be identified as the causes for the limitations on NDT
capability:

I. The physics of the fundamental interactions.

ii. The instrumentation which is used.

Iii. The inspection techniques, including human factors.

iv. The defect population; its range of types and sizes, base material
properties and the component geometry.

From an engineering viewpoint (14) the problems associated with the current NDT
technologies have been summa-ised as;

1. Lack of NDT considerations at the design stage.

2. Inadequate 'engineering' of the NDT techniques.

3. Defect detection requirements which are often too close to the
detection threshold.

4. Human factors in the inspection cycle.

The two lists of problems/limiting factors are complementary and are expressing the
same problems from different viewpoints. It is also clear that effective NDT can
only be provided if its requirements are an integral part of the design process.
The ideal is that there should be design-for-testability; in practice the capability
of NDT and its limitations resulting from design decisions and their implications
for the reliability of inspection need to be quantified.

It would appear that the major factors which limit the detection capability for
laboratory NDT to the levels given in Table 1 are those of the interaction of
fundamental physics with particular defect populations and material properties.
In laboratory measurements the geometry tends to be simple, the surface finish is
good and the quality of staff is high.

In the case of practical work performed in production or in-service conditions it
would appear to be the instrumentation and the inspection techniques, including
the human factors which are much more significant. Also in such situtations the
part geometry is more complex and small changes in geometry or material can have
very significant inspection implications. The importance of human factors in field
NDT is clearly indicated by the data given in Table 2.

In the mid-1970's it was recognised that there was a lack of an adequate science
base for NDT to become a quantitative science, in particular it was necessary to
improve the reliability of inspections. Major progress has since been made to
correct this through several research programmes including one sponsored through
the USAF-DARPA which has looked at quantitative NDE required to meet aero-space
needs. This work initially concentrated on ultrasonics but it then expanded to
consider eddy-currents and more recently it has been widened further to consider
most of the other NDT technologies and also a range of new materials. More than
60% of QNDE Research over the last 10 years has concentrated on ultrasonics and it
is in this field that the best science base has now been developed. Major progress
is now also being made with other technologies.

When any particular technology or system is reviewed it is important to understand
what it is that is limiting the capability of that particular system, technique or
technology.

The important area from the point of view of inspection in production and in-service
is the NDT capability in these non-ideal owironments, which is seen to be signif-
icantly poorer than in the laboratory. (See Table 1) Three aspects of NDT perform-
ance are important and can be used to measure system performance and these are the
probability of detection, minimum detectable defect and the sizing capability. The
automation of conventional inspection ha; in general, been found to improve repeat-
ability of data collection and hence the POD through the reduction of the uncertainty
inroduced by inspectors. However automation to date has appeared in general to
reduce the sensitivity of the detection capability measured in terms of the smallest
detectable defect.
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If the data shown in Table I is considered further three sets of NDT detection limit
are shown. When these limits are considered in detail those for laboratory inspec-
tion are found, in most cases, to be clearly linked to the fundamental physics.

3.1 Ultrasonic NDT

For example if the case of the detection limit for ultrasonic NDT of 0.12 mm is
considered it is found that in steel this corresponds to a defect with dimensions
of one wavelength at 50 MHz or about X/4 at about 12 MHz. For powder metals
significant penetration cannot be achieved much above 20 MHz, and this size feature
would then correspond to a feature with a dimension of 1/5th of a wavelength.

A range of computer based forward scattering models have now been developed which
can predict ultrasonic performance. The best models appear to be those produced
at Ames Laboratory, Iowa State University. (Thompson and Gray (10)).

For current NDT practice on turbine discs with conventional equipment and
techniques,ultrasonic limitations diagrams can be produced which can highlight
regions where poor inspection capability is found in a particular geometry. Such
schemes also enable scanning procedures to be specified. This data then requires
to be evaluated in terms of the complete design and the corresponding service
parameters to give a life for a part, given a particular defect at a specified
location. In many cases when conventional ultrasonic shear or compression wave
techniques are employed,for finished components,it is the part geometry which limits
the NDT capability.

3.2 Eddy current and other EM NDT

This is a technology which has seen considerable improvements in detection
capability in recent years. However many simple problems involving cylindrical
coils and simple defects remain analytically intractable.

It is however found that it is the eddy current skin depth and the probe
characteristics, in particular those of the ferite core material and the ratios of
these parameters with defect dimensions that in general determines detection
capability.

To extract more data from eddy current inspection multifrequency systems are now
being used. Also some work is in progress to use data collected as a part Is scanned.
However much work remains to be done if an adequate science base for eddy current
defect interactions is to be developed and more quantitative analysis provided.

For the electromagnetic inspection technique known as ACFM two famalies of approximate
theory solutions are available for field-defect interaction and these correspond to
thick and thin skin approximations both defined in terms of the D/6 ratio, where D
is the defect depth and S is the skin depth. For ACrM the theory is simpler than
for eddy currentsas the problems in general reduce to calculation of the potentials
in a surface skin and hence only involved two space dimensions. (Dover et al (25)).

3.3 Radiography

The fundamental aspects of X and gamma - radiography are well established. A full
review of the basic concepts for high resolution radiography can be found in various
papers including Parish (26).

The most important parameter which can be used to characterise a radiography system
is its spot size. This is determined by the wavelength for tne radiation given at a
particular energy and the geometry of the x-ray tube and detector employed. Spot
size down to 0.5 mm and now much less are being achieved. I; is then the detector
geometry and the sensitivity of the film/detector employed, given the number of
photons received which determines detection and resolution limits and the sensitivity.
To reduce exposure time and improve imaging capability for thick metal sections gamma
radiography is used.

For the material under examination it is the variation in the various absorption and
scattering processes which combine to give the variations in exposure seen at the
radiographic detection system.

If the focal spot for the system is used to define an image pixel then the use of
projection radiography can further improve performance in terms of resolution and
also increase the radiographic contrast. However some types of defects such as
tight fatigue cracks, at least in some orientations, may not be detected using
conventional radiography.

IX
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When production inspection is considered inspection time, limits on radiation levels
and part geometry will all limit performance. The most interesting areas for
development are micro-focus radiography and CT scanning.

Forward models for simulated radixraphs have been developed in some fields and CT-
computed tomography system modelling is now being developed. The capability of
advanced radiographic systems is considered further in section 4.

3.4 Penetrant NDT

This family of inspection techniques can be considered in two groups; I. dye
penetrants and Ii. fluorescent penetrants.

For both these groups of substances and their related cleaners, removers, developers
and contrast agents the fundamental properties as well as their analysis is based in
the field of physical chemistry. There would appear to be no simple parameter which
corresponds to the ultrasonic D/A ratio or the eddy current skin depth £ which can
be used as a measure of expected detection capability.

The key properties of the penetrants are their low viscosities and their ability to
penetrate into open fine cracks. The second aspect of the technology is that
sufficient penetrant will remain in a fine small crack after cleaning and developing
to give either a dye or a fluorescent indication which can be easily (?) detected by
either an inspector or an automated inspection system. It is interesting to note
that the data given In Table 1 gives penetrant as the technology which provides the
lowest detection limit, at 1.25 mm, when used for In-service inspection. The data
given in Fig 2 clearly indicates the current variability found with this technology.

3.5 Imaging systems

The range of acoustic imaging techniques employed in NDE has been reviewed by
Tittmann (27). For all technologies which produce an image such as a B or a C-scan
In ultrasonics, or similar display for other technologies, in particular those whicit
employ digital systems it is the 'pixel' or picture element size which sets detection
limits and this is combined with the number of sensitivity levels which can be
resolved within each pixel. A defect smaller than a pixel in size will in most cases
not be seen. False colour is now used to enhance defect identifiction in an image
and this can improve performance. A range of time sequence analysis and inversion
tools can be used to give data on defect characterlsltics. However all systems have
limits to performance set by the fundamental physics.

4. Current trends and future developments

With the improved understanding of the NDT requirements and the complete systems
that have been developed, new inspection techniques are being introduced to improve
the probability of detection and also give quantitative defect characterisation.

A series of major research studies continue to be followed in the investigation of
fundamental phenomena upon which the various NDT technologies are based. Work has
now diversified into all the common NDT technologies.

The focus of the more fundamental NDE research is changing and projects are now
considering the monitoring of material properties in the fabrication process as an
extension of process monitoring or NDT in new materials, metal-metal composites,
fibre reinforced ceramics etc, rather than basic NDT applied to traditional metals.
Also work is considering the consolidation of the last decades research achievements
into industrial applications and the introduction of artificial intelligence and
knowledge based systems for data analysis are being investigated.

The current changes in NDT are to be seen most vividly in the changes in the
instrumentation used in NDT. Analog electronics and systems which require skilled
human manipulation are being replaced with automated inspection, as in the Rolls
Royce 'No Eyes NDT' programme (14). Computers, digital systems, automation and now
robotics of all types are increasingly being drawn into use In industrial NDT.
Computer based signal processing, data display and inversion schemes are now being
developed together with artificial intelligence and knowledge based systems.

Probably the most significant change has been the increasing attention and the level
of the funds being devoted to the development of inspection systems. In particular
early NDT reliability studies had tended to show poor probability of detection
capability in manual inspection systems. The move to automated NDT wherever it is
practical in the aerospace industry is to be clearly seen. With regard to NDT
equipment requirements the needs highlighted in the ENSIP report are shown as
Table 3.

When these moves towards systems are reviewed it is found that although progress
has clearly been made much of the technology that has been developed still requires
evaluation under field conditions and for the results of such trials to be fully
reported.



2-7

What is probably the largest group of new NDT inspection technology has been
developed by the USAF at Kelly Air Force base. These facilities have been reported
to have cost $15M US and were due to come into operation in mid-1986. This system
has been reported in several publications (28,29). Although significant evaluation
work has been performed on the system it will be interesting to learn what its
capability is under real inspection conditions when the evaluation is performed on
parts that have been In-service. It should also be noted that much of the potential
capability which is clearly available in USAF Kelly systems has yet to be fully
employed with the field application of the new advanced quantitative NDE defect
characterisation schemes.

All the major aero-engine manufactures have quantitative NDE or NDT improvement
projects in progress. In the UK Rolls Royce have said that they have made improve-
ments to their NDT in the areas of; real x-ray, penetrant blade inspection,
ultrasonic disc inspection, MPI applied to shafts and various eddy current applica-
tions. These developments have been combined under the general heading of'No Eyes
NDT' (14).

In a paper such as this it is probably best to seek to highlight the key elements in
the various technological advances which could form the basis for systems to inspect
EFA components both at fabrication and which would be needed to give data for use in
any fracture mechanics base lifeing programme.

4.1 Ultrasonic NDT

This has been the area that has received most research interest for more than a
decade. A wide range of theoretical developments have been made and models of a
range of types can now be used In the design and validation of new NDE techniques.
Current interest is in the extension of theory to cover more complex and rough
scatterers and solve inverse scattering problems.

Central to almost all advanced ultrasonic NDT is the move to computer based systems
which are either mixed analog/digital or completely digital. This new technology
has opened the door to a wide range of improved imaging, image processing, signal
processing and inversion schemes (30). A key area in this change has been the
increased capability of high speed analogue to digital conversion. For transient
20 MHz signal capture, a 100 or 125 MHz sampling capability is now available in
several instruments. The availability of standard ultrasonic transducers which
can operate at frequencies above 50 MHz has significantly improved the potential
detection capability in high frequency C-scan or acoustic microscopes. Standard
analogue ultrasonic instruments are now available which work up to 150 MHz.

Ultrasonic NDT considers data in two ways (27); i) an image such as in the form of
a C-scan or ii) analyses of scattered signals. In scattered wave analysis data is
extracted from the wave type, magnitude, time of flight or spectra or through the
use of some form of inversion scheme such as Born inversion which gives a defect
size as a number, rather than data in the form of a normal image.

The ranges of sizes of defects of interst for powder metal inspection defects are in
most cases small and in the range of 50 to 1000 pm which gives scatterers in the mid-
frequency scattering regime for a range of ultrasonic frequencies. Simple imaging
with a C-scan will not adequately characterise a defect unless measurements are
made at a very high frequency, where attenuationis higher and inspection depth is
then limited.

When the detection capability of an ultrasonic system is evaluated using the responses
for flat bottom holes signals from '2/64" holes can be detected quite easily.
However any amplitude based size calibration has its limitations as real defects are
found to have acoustic responses which are much weaker than a FBH of the same physical
size. In any particular alloy it is the grain boundary scattering which can be
expected to set the sensitivity limit for the system.

Conventional ultrasonic disc scanning would provide a C-scan which records signals
measured on the A-scan that cross various gates that correspond to a spcific volume
of interest. The number of bits or digitisation levels then becomes a key factor
in the derimination of system sensitivity and dynamic range. Several C-scan systems
on the market are only working to 4 bit resolution.

Given computer based systems and digitised data, improvements can be made to the
system signal-to-noise performance. Most techniques which improve the S:N have
implications with regard to either scan times or computer power needed or both.
Increasing the power to the transducer has been shown to be able to increase signal
levels by up to 12 dB. The use of focused transducers can also provide improvements
in power levels by up to 6dB.

Averaging is found to improve S:N performance by several dB, for example, in theory
if only random noise is present given some 10 cycles an improvement of 40 dB could
be achieved. In practice between 3 and 6 dB reductions in noise are achieved by 64
averages; however this does depend on material properties and grain size. More

I
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complex techniques such as cross correlation and autocorrelation could be employed.
Given a real system an improvement of the order of 30dB In S:N can be achieved for a
given signal. Various forms of deconvolution can also be employed to remove constant
background signals and reduce signals to their impulse response given the optimum
filter. Dynamic averaging can be used on course grained materials where the trans-
ducer step is small compared with significant defect sizes and the signals are
averaged in groups of three or more nearest neighbours. Signal processing, such as
deconvolution, is also an integral part of ultrasonic spectroscopy.

Many papers have been written on signal processing for NDT; however most systems
in use for engine component inspection at present appear to use simple pulse-echo
measurements and A-scans with sensitive analog ultrasonic equipment where the record
is a C-scan that shows where signals have crossed gates set at particular levels.
Over the next few years there can be expected to be increased use of digital
ultrasonic instrumentation. New transducer configurations and direct computer based
inversion such as Born inversion or SPOT employed. Both immersion and water jet
couplant systems are being employed.

It must be stressed that although the use of a digital system to scan parts can
provide improved detection and characterisation capability, this can only be achieved,
through an increase in the time required to inspect a part. The scanning speed
available with on-line A/D conversion is relatively slow, when compared with the
data rates for peak height gate detection achieved in conventional analog instruments.

When the ultrasonic aspects of inspection are considered there are three basic types
of ultrasonic NOT that appear to show the greatest potential for aero-space critical
components such as discs and all these remain under investigation.

a. For bulk inspection with improved transducers;

Using broad band or focused high frequency ultrasonics. (10 to 50 MHz). Such bulk
inspections can be used to produce an image (C-scan) or individual reflected pulses
can be studies and inversion schemes such as SPOT or Born inversion can be employed.
The digital systems now being developed with colour graphics systems can give
improved detection capability. The capability of the various inversion schemes
which are being used to characterise small scatterers remains the subject of debate
and further evaluation work is clearly required.

b. For surface inspection two specific technologies are under consideration.

These involve; i. the use of leaky Rayleigh waves and ii. the acoustic micro-
scopic at about 50 MHz. (31); a major part of the contrast in the acoustic
microscope is due to the presence of leaky Rayleigh waves, so these technologies
are related.

In the case of leaky Rayleigh waves generated with a compression wave transducer
set at the leaky Rayleigh wave angle, a study which uses about 20 discs with both
real and simulated defects is understood to have been performed in Canada to
evaluate the detection and characterisation of the technique, and also to make a
comparison with eddy current methods. This study would appear to indicate that
there is considerable potential for this type of inspection, although the findings
of the work have yet to be fully reported (32).

The acoustic microscope has been developed significantly as an industrial tool by
GE in the USA (31) to give an instrument working mostly at 50MHz, but it can be used
at almost any frequency between 10 and 100 MHz, and this has the scanning
capability to look at complete discs. This work at GE has taken this technology
from the laboratory onto the shop floor.

One difference between an acoustic microscope and a normal C-scan system used near
a surface has been said to be that the C-scan looks at the compression wave signals
reflected from a particular plane, whereas an acoustic microscope .ooks at a combina-
tion of compression and leaky Rayleigh waves generated at a surface. The compression/
leaky Rayleigh wave interaction is characterised by the V(Z) cuve.

Various other aspects of ultrasonics remain of interest and are areas for development.
In the field of transducers the PVDF and related plastic transducer materials have
considerable attraction in terms of their bandwidth capability, however todate their
sensitivity has not been as good as that achieved with conventional ceramics. Work
in the SONAR field may well bring further developments which wil' help NDT and
improved piezoelectric polymers can be expected within 5 years.

Other areas for possible development are the EMATS, laser generated ultrasound to
give non-contact inspection and the use of phased arays for improved scanning.

EMAT's (Electromagnetic Acoustic Transducers) have now been developed which can
operate up to a frequency of about 5 MHz. The major problem is the generation of a
very high magnetic field in a small volume and the heating due to the high currents
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required to flow in fine wires. They are also attractive as they can generate shear
waves, both SH, SV and Compression waves depending on the design used. They are one
of the few practical ways to provide SH waves which have considerable attraction for
use as an Inspection wave field, not least because the mathematics used to analyse
the scattering problems is much easier than for SV-C wave problems.

However it is doubtful that EMAT's using conventional technology will be available
to operate above 10 MHz within 5 years. The use of superconductivity may provide
the necessary technology, but such ideas have not yet started to be developed.

Laser generation of ultrasound is an area of current work (33). It has considerable
potential for non-contact inspection. Given optical fibre technology using this
form of ultrasound generation and detection it may be possible to provide inspection
inside a complete engine In much the same way that an optical inspection can be
performed now. Work is in progress to understand,and use,both the surface waves and
the bulk waves given using laser generation of ultrasound. This is at present a
laboratory technology, although at least one equipment company has demonstrated a
commercial Instrument.

There has been significant interestin the drvelopment of phased array ultrasonic
systems. Most of this work has been limited to the inspection of thick steel
sections in the nuclear industry. Todate many systems have operated at low
frequencies and the numbers of elements in the arrays have been limited, not least
because of the complexity of the electronics involved. Complex arrays are used
extensively in medical ultrasonics and in the fields of Sonar and Radar. If the
costs can be reduced there is potential for the application of this type of
technology in NDT. Linear arrays and simple cylindrical arrays are being employed
in medical systems, but as with nuclear inspection this tends to be at a lower
frequency ( 5MHz) than that used in aero-space NDT.

In addition to a vast programme of NDT research for aero-space disc inspections,
a wide range of projects and systems have been developed for power generation
turbine inspection. This has included work on blade, disc and shaft inspection.
Digital NDT sets have been developed in the USA for EPRI (34). One type of system
of possible interest for use on EPA are the rotor shaft bore inspection tools.
These include heads with a range of transducers connected to a multiplexer and a
computer based data recording system. Similar technology is under development in
the UK.

In the 1974 data given in Table 1 it was stated that a laboratory detection limit
for surface cracks in steel using ultrasonics is 0.12 mm (120 am) and a production
limit of 3mm could oe achieved. Using leaky Rayleigh waves at 10 MHz, cracks of
0.05 mm (50 am) are easily detected on a good surface. When focused ultrasound has
been used on powder metal with a grain size of 10 om ceramic inclusion down to 5,0 4m
can be detected with a 70% POD.

Various defect characterisation schemes such as born and SPOT (which give type, size
and orientation data) are now available for evaluation on real components. Given
improvements in transducers and automated digital instrumentation production ultra-
sonic NDT should be capable of development within 5 years to get close to the 50 Pm
limit for reliable inspection of powder metals where the grain size is 10 am or less.
When the system now available at the USAF Kelly Air Force base is evaluated and the
results reported it may be found that this level of performance has already been
achieved in an automated system for use outside the laboratory.

For complex parts the use of robotic systems using non-contact ultrasonic techniques,
leaky Rayleigh waves, EMAT's and laser generated ultrasound all have attractions and
can be expected to be evaluated.

4.2 Eddy Current NDT

Eddy currents have been demonstrated to have a good capability for defect detection
using automated linear probe scanners for disc and blade fir tree regions and
rotating probes for use In bore holes. Eddy current NDT can in many geometries be
expected to detect defects with a high reliability down to crack depths smaller
than 0.010 inch ( 0.24 mm) and in some cases to half this figure.

The science base for the quantitative understanding of eddy current defect inter-
action is weak. Theory based on analytical solutions is limited to symmetric
geometries and non-magnetic (linear) isotropic media with coils made from a single
loop. A summary of much of the available theory has been provided by Tegopoulos
and Kriezis (35). The current state of mathematical modelling for NDT, Including
for eddy currents has been reviewed by Georgiou and Blakemore (36). Most recently
there has been progress with an exact analytical solution for short air cored coils
near a halfspace provided by Burke (36,37).

Todate little has been done to extract more quantitative sizing data from the
conventional eddy current impedance plane displays. Multifrequency instruments
have been introduced and eddy current arrays are being Investigated. However most
systems still use a relative rather than quantitative sizing technique.

I )
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Further significantimprovements In the fundamental science base for eddy current
defect interaction can be expected within 5 to 10 years. Progress is being made
by several groups. The complete analytical solutions for many 3-D probe-field-
defect interactions cannot be expected, at least in the short term, but numerical
models and approximate theories are being developed, although progress does remain
slow.

Major progress has been made in terms of detection capability using small ferrite
cored probes such as those produced by Rolls Royce (14). In the USA the YIG sphere
has been developed as a sensor at Stanford University and this is under evaluation
by GE, with USAF support.

As with ultrasonics, advanced analog and digital eddy current NDT systems are under
development. Also automated scanning has already significanly improved the detection
capability that has been achieved on real components. Multifrequency instruments
can be expected to be developed further. New forms of data treatment, eddy current
inversion and data display are all under consideration. At present the major problem
is the lack of adequate forward models for the field-defect interactions.

Eddy current systems which employ the Nortec 33 are part of the Kelly USAF base
inspection system. (28) Also as part of this program a range of small probes
are being developed and evaluated. (38) For eddy current inspection the probe
design is a crucial element.

In addition to conventional eddy current NDT there are various potential drop
techniques; DC-PD and AC-PD. Significant progress has been made in the application
of ACPD or ACFM to offshore structures. (25) The theory involved in field-defect
interaction is simpler than for conventional eddy currents. It is a technique which
has been extensively developed to monitor crack growth in fatigue studies. Point
contacts are required to measure the potential on the part. As yet little data is
available to indicate what its detection limit is for the smallest detectable
defect and no POD data is available for disc inspection.

Two new electromagnetic NDT systems have recently become available. The first
system is made by FN industries and It is designed for turbine disc inspection. The
system uses Nortec eddy current equipment, and Intelledex Robot and DEC computers.
Few details have been released but its specification states that it inspects discs
with a maximum diameter of 1200 mm and with a thickness of 500 mm. The claimed
inspection capability is detection down to 0.8 mm (800 pm) surface length.

The second system uses Electric Current Perturbation methods and it has been
developed by Southwest Research Institute for use on non-magnetic super alloys and
evaluated on the F-100 engine discs. The ECP system can be used to scan a wide
range of disc regions. Traces have been shown with indications from notches down
to 0.22 x 0.05 mm. Good signal to noise is being given for defects of 0.47 x 0.17 mm.

In the data given in Table 1 the eddy current laboratory limit was given as 0.15 mm
(250 vm) and the production limit was given at 2.5 mm. It has been reported that
using Rolls Royce probes with conventional equipment defects down to 30 thou long
and 10 thou deep (- 0.65 x 0.25 mm) are being detected. A crucial element in
determination of the detection limit is combination of surface state, probe design
and its frequency, and both the material properties and the geometry.

4.3 Radiography

There have been very considerable advances in radiography in recent years. Much work
has been performed in the medical field and there is technology which could be applied
to NDT problems.

Two areas where there have been particular developmerts are in microfocus X-ray and
computed Tomography (CT). This is now being developed for limited sector scanning
which has considerable potential for both turbine blade and olisk inspection.

The use of microfocus techniques has reduced the spot size and projection radiography
combined with new thin solid state detectors has improved system resolution when
compared with the data given in Table 1.

The major developments have been in the sytems which have been produced. A system
XIM; x-ray automated turbine blade inspection system (39) has been developed by GE.
This claims that the goals of 90% probability of detecting flawed blades at 95%
confidence were exceeded when running automatically with automatic image processing.
This sytem uses both digital fluoroscopy and computerised tomography. As yet no
complete statistics are available and a full evaluation in a factory away from the
production team has yet to be completed. It is however clear that this system is
a significant development.
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Some of the best quality images of blades available appear to be those obtained
using a Bio-Imaging Research Inc system known at RADAPT(4); which has 16 bit
digital data capture and a range of image processing. This company is also working
on limited angle CT systems. In addition to a range of hardware a computer based
image simulation system is available to enable predictions of performance to be
made. Using the limited angle CT there would appear to be potential for scanning
blisks, but it is going to depend on specific geometries.

It is to be expected that within 10 years CT systems will be used for the routine
inspection of turbine blades. Real time radiography, and digital radiography based
on solid state detectors can be expected to be develped further. A major factor
which may limit their use in NDT is the initial capital cost of a system.

When a CT system is used there can be solid state detector widths down to 4 thou
which can give 25 micron spatial resolution. The detection capability for density
change is 0.02%. This figure was obtained for CT on a hemisphere of polymer of
about 6" in diameter. This data can be compared with defect detection limits in
steel of 0.5 mm given in Table 1.

4.4 Penetrant NDT

Dye and fluorescent penetrant inspection are commonly used inspection techniques
applied to blades and small discs. However as already stated the capability of this
technology can be unreliable. The major problems have been associated with the human
factors involved in viewing each individual blade in a dark room. There is a large
uncertainty in the POD due to this human factor. It has been shown that the best
improvements in POD are achieved through the use of several independent inspections.

As in other fields of aero-space NDT automated blade viewing systems are being
developed. Work has been performed by Rolls Royce to give a system which uses laser
scanning to detect remaining penetrant. Similar work is in progress in the USA.
Only limited data has been found which quantifies the performance of the current
automated and semiautomated penetrant inspection. This technology can be expected
to remain in common use for large area inspection; the current best practice must
become the norm. In the course of the next few years the various completely automated
penetrant systems can be expected to be in operation and evaluated.

It has been predicted that the detection of surface cracks, inclusions and large
grains in forged and cast materials will within the next 5 to 10 years be performed
by automatic systems that will replace humans used for surface inspection in dye
penetrant inspection.

4.5 Characterisation of defect populations

As new materials are introduced, in particular powder metals data is needed to
establish expected defect types and their characteristics. Data is needed to
establish possible inclusion materials. Also it is clear that as soon as a
particular class of defects are identified steps will be taken to change the
production process to remove them. Defects in powder metal material can therefore
be expected to be random in their nature and characteristics.

5. Conclusions

The best detection capability for the various NDT technologies available in the
laboratory would in all cases appear not to have significantly improved since the
mid 1970's. However the ability to apply the technologies in industrial environ-
ments has been significantly improved over the past decade.

The largest single factor which has caused the probability of detection improvement
in industrial NDT has been instrumentation development.

Computer based digital systems, automated inspection and increasingly robotics will
increasingly be employed in engine NDT.

The improved science base has also been of importance in the general move from
qualitative to quantitative NDE.

When the various NDT technologies are considered;

5.1. Ultrasonics (in all its various forms)

An adequate science base for forward modelling is now available for many problems

which involve simplestdefects. For specific systems the ability to make good
predictions of performance is now available. Major developments are expected to be
in the field of automated systems, digital instrumentation, automated inversion
schemes and possibly through the introduction of artificial intelligence (AI)
techniques. Ultrasonics can be used for both surface and body defects. On powder
metals various forms of ultrasonic NDT can be expected to perform well down to
defect sizes of 100 pm and probably down to 50 Pm (0.35mm) for defects including
voids, inclusions and open fatigue cracks. Complex geometry does introduce
limitations on where it can be employed on finished parts. In new materials more
information on defect populations is required.
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5.2 Eddy current/other electromagnetic techniques

The science base for eddy-current defect interaction is still weak. This is an
area of considerable current work. Conventional eddy current instruments display
the impedance plane; such displays and data extraction are not adequate for
quantitative NDE. The use of multifrequency instruments can be expected to be
extended. Improved probes can be expected to be introduced into many systems.
New displays and data extraction techniques which include scanning data are being
researched. Defects down to 30 thou. surface breaking length and about 10 th'u.
deep ( 0.75 x 0.25 mm) and in some cases down to 0.005 inch (0.12 mm or 120 Lm)
deep cracks can now be detected In many components including where the geometry is
complex such as in bolt holes or on blade fir trees.

5.3 Radiography

There is a well established science base. The major developments here are in the
fields of microfocus systems and the development, and move to use, real time imaging
systems, including those which employ digital image processing. Automated image
analysis is under consideration; however manufacturing tollerances and image
analysis tollerances are causing very high defect identification rates. Defect
detection capability depends on contrast between defect and host; definable
detection levels. Computerised tomography can be expected to become routine for
blade inspection.

5.4 Penetrants

Completely automated systems which include defect analysis can be expected to be
available within 10 years. The current performance is variable; defects with
depths of 0.010 inch (0.24 mm) or less can be detected but the reliability is poor.
The best current practice must become the norm. This technology is in common use
and it can be expected to remain a major inspection tool for large areas, but it is
only sensitive to surface breaking indications. There is a lack of a quantitative
science base.
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TABLE I-Estimated variations in flaw detection limits by type of inspection (in mo) (in Pettit & Krupp.l974).

Nor Technique Surface cracks lntcernal flaws
Processing Fatigue Voids Cracks

Test specimens, laboratory inspection
Visu .

0  
1.25 0.75

Ultrasonic 0.12 0.12 0.35 2.0
Magnetic particle 0.75 0.75 7.5 7.5
Penetrant 0.25 0.5
Radiography 0.5 0.5 0.25 0.75
Eddy current 0.25 0.25 +

Production parts, production inspection
Visual 2.5 6.0 +
Ultrasonic 3.0 3.0 5.0 3.0
Magnetic particle 2.5 4.0 +
Penetrant 1.5 1.5 +
Radiography 5.0 *1.25 a
Eddy current 2.5 5.0

Cleaned structures. service inspection
Visual 6.0 12.0 +
Ultrasonic 5.0 5.0 4.0 5.0
Magnetic particle 6.0 10.0 +
Penetrant 1.25 1.25 +
Radiography 12.0 a4.0*
Eddy current 5.0 6.0

N Not applicable. t Use with agnifer. * Not possible for tight cracks. (based on 25-e ferritic steel.
surface 63 RMS.)
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TABLE 2

ENSIP NDT Preliminary conculsions - Aero engine parts

Average Best mm

Magnetic inspection POD 60% - .300" crack 65% - .250" 6.35
Penetran inspection 90% - .220" 90% - .175" 4.45
Eddy current 90% - .090" 90% - .030" 0.76
Ultrasonic 80% - .375" 90% - .180" 4.57

Average results obtained from majority of technicians

Best results obtained from top 10% technicians

TABLE 3

ENSIP Requirements for Equipment improvement

Equipment Improved signal-noise ratio

Channel attention of inspector
to flaws

Provide positive assurances
equipment is performing
intended function

Automate control and
programme functions
susceptible to human error
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Figure 1 - Probability of Detection using Eddy Currents
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Synopsis

Several well publicized engine and airframe failures which occurred in the late 1960 to mid 1970's time frame resulted in emphasis on
development, application and quantification of nondestructive evaluation (NDE) as opposed to reliance on a 'Zero Defects" design philosophy. As
the use of fracture mechanics as a basis for damage tolerance and retirement analysis of components became established, additional emphasis was
placed on screened flaw sizes. NDE and quantification of reliability. In the late 1970's a structural assessment was conducted on the design of the
FI0 engine which resulted in a series of relatively sophisticated "safety inspections for seleed critical components. The Retirement for Cause
philosophy also coupled NDE and component Bing analyses to enable return to sevsice decisions for engine components. These activities were
(and are) performed usually after the component designs have been finalized. The establishment of "Engine Structural Integrity Programs
(ENSIP)" for new U.S. military engine systems has now made NDE considerations an integral part of the design process. Classification of
components, fracture mechanics analyses, critical flaw sizes, material quality, NDE and quantification of inspection reliability are now incorporated
in the initial design process and directly influence the resultant component deigns Statistically based probabilistic approaches are supplementing the
deterministic methods previously used. This paper discusses the relationships of NDE needs and component design in light of the evolution of the
SNSIP approach for gas turbine engine componem designs.

Background

Nondestructive evaluation (NDE) requirements for aircraft gas turbine engine components had traditionally been defined after the designs of those

components have been established and the engines were in production and operation. The usual scenario had stringent inspection requirements
inposed upon an engine component, or class of components, as a result of an unexpected operational occurrence. To mainain sefety or reduce

maintenance coats, an inspection requirement was defined, and all spect components inspected, allowing the components to be cleared for

comme d use or mandating their replacement. Often the resulting inspection requirements presed the sate-of-the-art of nondestructive
evaluation technology. The common complaint of the NDE specialist was that with no advance notice the required NDE techniques ware not
available, requiring frantic development and implementation activity. In response, the engine designer would apologetically sate thit the particular

occurrence was unforeseen; therefore no advance notice could be given, (but please hurry).

The root cause of this dichotomy was the design philosophy in use in the 1960's. This philosophy emphasized reduction in engine weight to
maximize thrust-to-weight ratio. Low cycle fatigue was the criteria for limg purposes, with life expressed as operating time or cycles to initute
some detectable crack size, usually 0.8mrm. Materials development goals were to increase the strength of materials enabling higher operat ng

stresse resulting in weight redsuction. Generally, increasing the strength of metal alloys also increased the low cycle fatigue crack initiation life of the
alloys. Components were designed to be retired and replaced at that life. Experience has shown however, that increasing the strength of a material
often results in a reduction in its resistance to crack growth or its damage tolerance capability. This trend is shown schematically in Figure 1. with
example engines plotted for reference. At the time however, this was not the primary contcern. Inspection was used in the manufacturing process to
support the 'Zero Defects" philosophy. That is. if something was found the component was rejected; if nothing was found the component had no

flaws. Inspection techniques were generally not quantified. What was known was only what was found, not what may have existed but was not

found. The consensus was that nondestrnctive evaluation practitioners could Find anything that might be present - But then, designers and
manufacturers didn't produce components with flaws anyway.

Several well publicized engsne and airframe failures in the ensuring time period resulted in a change in this philosophy. Failure of a high energy
(rotating) component in an aircraft engine usually results in catastrophic consequences for that engine. Although most engines are designed to

Figure 1. Early Design Ptilosophmy Emphasized Increased Material Strength At The Espensse ol Damage Tolerance Capablitty
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contain slade [enures, flure of a fan, compresso or turbine disk or spacer resuls in loss of power. destruction of the engime and often sigicrant
damage to adjacent structures. Even a contained blade failure can catm loss of power or engine shutdown which can also have cltastrophic
consequences for a singje engined aircraft. Structural integrity of the high energy components in a gas turbine engine is therefore a critical factor in
aircraft safety.

Cooper and Forney (reference 1) reviewed United States Air Force (USAF) engine structural failure incidents over the time period 1962 through
1977. In that fifteen year period 235 accidents were reported to have occurred as a result of engine component failures. These failures may be
segregated (Table 1) by component type and engine section: 73 in fait/comrestr sections; 67 in the turbine section; 41 in the combustor section;
39 in bearings and 15 in the augmentor (afterburner or reheat) section. Similar data exist for commercial engine failure incidents. The principal
cause of most of these failures was reported to be either an inherent material or manufacturing flaw that escaped detection during the
manufacturing process, or service induced flaws resuking from inadequate design, foreign object or handling damage, or a change in the usage of
the engine.

.ABLE I

REPORTED USAlF STRUCTURAL FAILURE INCIDENTS
IN TIME PERIOD 1962 - 1977"

ege tsina Cowpon Type Nunb.r Teoal

Fan 1)55Cnm/Cogeuier F- ad. 5
F.05. ICopr-D4u 9
Vane 12
other 12 73

Tumane Bled. 35
Dks 20
Vane 3
01hr 9 67

Coebustor 41

Augientom 15

Toal 2$5

Fro Coerr and FOs-y. 1eics I.

The immediate impact of a failure is usually well poblicired in terms of hunan tragedy and loss of hardware. The significant economic impact
-- the expense necessary to remedy the cause of failure-- is not often immediately visible. This includes the cost of one time, or continuing,
inspections of the components, the replacing/retroitting of components and/or the unplanned maintenance burden necessary to prevent similar
failures in the future. When one considers the large number of gas turbine engines in service world wide, the economic incentive to minimize the
numbe, of component failures is immense. The realization of the safety and economic impact of these failures promoted the evolutios of the
damage tolerance philosophy in the design and operation of gas turbine engines. The 'Zero Defects' concept, while admirable, could not solely
stop component failures, as the Cooper and Fomey information indicates. To prevent failures from occurring, the relationship between NDE needs
and design had to change from a failure driven, after the fact imposition of requirements on the inspection community, to an interaction of NDE
needs while the components were in the initial design phase. The current expression of this philosophy for new USAF engine designs is the Engine
Structural Integrity Program (ENSIP) embodied in a United States military standard (reference 2). Adherence to this standard assures that
interaction of NDE needs and engine design occurs in the initial design and manufacturing stages with the goal of failure prevention. It is hoped that
the unexpected failure - reaction mode of the past will be minimized, thus both lowering system life cycle costs and improving the state of system
readiness.

P100 Structural Assessment and Retirement For Cause

Two activities which started in the late 1970"s will be reviewed here as much of the philosophy and many of the concepts used in damage tolerance
design, and incorporated into ENSIP. were developed or demonstrated by these activities.

The FI0 engine is an augmented turbofan in the 110 kN thrust class with a thrust to weight ratio of 8 to 1. The engine became operational in the
early 1970's in the F-15 fighter aircraft, and is currently in operational service around the world in both the twin engine F-IS, and the single
engine F-16 fighter aircraft, This engine is an axial flow, low-bypiiss, high compression ratio, twin-spool gas turbine with an annular combustor and
common flow augmentor. It has a three-stage fan driven by a two-stage. low-pressure turbine and a ten-stage compressor driven by a two-stage
high-pressure turbine. A composite sketch of some rotor components of this engine is shown in Figure 2. This sketch illustrates some typical rotor
component configurations and delineates nomenclature that is used in this paper.
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Fire 2. Composite Sketch Of Typical Rotor Corponpenb Of A Gas Turbine EngVe
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In light of the pant experences with component failures of other engines and because of the critical nature of the F100 engine to the USAF's (and
other Air Force's) F-IS and F-16 weapon systems, £ was imponant to obtain the beat possble sisibfity of that engine's fuore structural
maintmance needs and component li expectations.

Accordingly, an in depth structural assessment was performed on this engine by a multi-discplinary team. The general objectives and process for
that assessment are shown schematically in Figure 3 (Reference 3).

S-I MND MI-1TO

F.C STF'. kIENC PLANS

Figure 3. Objectives And Major Elerients Of Structural Assessment And Retirement For Cause Activities For The F100 Engine

One of the primary objectives was to define inspection requirements necessary to protect the structural safety throughout the anticipated service
life, thus preventing failures. This included identification of components and features to be inspected, when the inspections should be conducted,
what inspection procedures should be used and the attendant logistics impacts. This information was then used to gide the development of the
required inspection capability. A second objective was to establish econonical modification and/or repair options where it was anticipated they
could be utilized. All of these activities were integrated to form an overall force structural maintenance plan for the engine.

Retirement for Cause is a methodology that allows each component to be used to the hill extent of its safe total fatigue life. This methodology allows
use of selected components beyond their classically calculated crack intiation low cycle fatigue life. It also emphasizes the use of NDE and fracture
mechanics for failure prevention, and has provided a means for the ultimate coupling of NDE needs and engine design via probabilistic techniques.
The procedure has been implemented for selected rotating components of the FI00 engine. This activity was discussed in detail at the 1981
AGARD Specialists Meeting Maintenance in Service of High Temperature Pans" (reference 4). and in subsequent USAF reports (reference 5).

These F100 engine activities were important in that they formalized the approach and methods now in use to define the relationship of NDE needs
and component design for United States military gas turbine engines. The balance of this paper will discuss this relationship from that perspective
and from within the ENSIP context. Rotating components such as disks, hubs, and airseals/spacers will be emphasized.

The Design Approach

The overall sequence by which an engine progresses from concept to reality is shown in Figure 4. At every step, lessons learned feedback to the
detailed mechanical design stage, which is the heart of the process. This feedback can rest in an aheration of the design which then proceeds
anew through the process. In addition to the classical form, fit and function considerations, damage tolerance is addressed at this stage, and
permeates all aspects of the design activity. It is herein that NDE concerns are initially addressed.
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The current component deep approach now recognzes that: (I) Damag, such as cracks or crack-like defects can occur despite sumprt
preventative actions taken to protect apint it; (2) NDE capability exsts chat will permit detection of damage pir to complete component failure;
and (3) High energy componens must be designed with adequate residual strength and crack growth capacity to preclude failures from damage
incurred between scheduled maintenance and/or inspection actions. That damage may result from either manufacturing or in-service related
occurrences. Manufacturing damage typically occurs from material or process related anomalies, while in-service damage may occur as a result of
mishanding, foreign object damage (POD) or low cycle fatiue iuated cracks.

Damage from manufacturing defects and fatgue iriated cracks can be minimized by use of damage tolerance criterion. These criterij are usually
based on fracture mechanics analyses tied to an acceptable iniial flaw size which is supported by demonstrated manufacturing and/or m-service
NDE capability. The acceptable assumed flaw size is generally considered to be the smallest size which can be reliably detected (found) with
available NDE techniques for a given component confiration.

The term NDE reliability as traditionally used encompasses both a probably of detection (POD) and a confidence level for a specfic flaw size: NDE
capability implies both an inspection technique and is reliability. The flaw si established is then used as a starting point for fracture mechanics
analyses to predict remaining life during crack growth and real strength capacity of a component's features and hence the component.

Component Classflcatlon

Early in the design stage (or as a first step in a damage tolerance assessment of an existing dasip) all components are revteweco for failure
consequences to identify critical components. Critical components are those that experience significant combinations of centrifugal, maneuver,
pressure or gas bending loads, steady state or transient temperatures, and vibration. Functional type items such as seals, springs, fasteners and
mechanical mechanisms are also included in the review. The preliminary segregation of components into classes is based on collective "corporate
experience"; - historical records, experience gined during engine development testing. the lessons learned and engineering judgement. The major
focus is usually on life limited components, particularly those in the higsh energy (rotating) sections of the engine. From this review components can
be classified as either fracture critical or durability critical depending on their failure impact. The classification must also consider the airframe
applications for the engine.

A fracture critical component is one whose failure would likely result in loss of engine power preventing sustained flght as a direct result of the
failure or as a result of progressive events subeequent to the failure. High energy rotating components such as disks and spacers are usually classified
as fracture critical as the component failure would probably be uncontained or likely cause failure of other systems that could prevent sustained
flight even in a multi-engined application. Damage tolerance requirements are normally only imposed on components which fall into this
classification.

A duabiity critical component is one whose failure could result in a significant maintenance burden but would not likely result in total power loss
or failure of other systems, or might result in engine power les but not necessarily loss of flight (in a muu-enined application).

It should be noted that identical components could have different classifications depending upon a single or multi-engined application. An example
might be a compressor blade whose contained failure could result in loss of power and sustained flt (thus be fracture critical) in a single engined
aircraft, but would be durability critical in s muhi-engined aircraft, as flight could be sustained on the remaining engine(s). Because of potential
confusio in component classification due to engine application, the term "Mission Critical" is beginning to be used in place of fracture critical. A
mission critical component is one whose failure could cause the aircraft to abort its mision, reprdless of the number of engines involved. To aid in
the classification of components, Failure Modes Effects Analyses are often performed.

Conceptually, a third classification might apply to those items which history and experience indicate do not clearly fit the definitions of fracture or
durability-critical. For these items, reliance is placed on the manufacturing operation using such techniques as statistical process control to ensure
integrity. This class of components could include certain types of seas, fasteners or fittings which are replaced in the normal course of engine
refurbishment, or whose demonstrated life greatly exceeds system requirements.

At this point in the design sequence, specific NDE needs for the components have not been identified. as the classification is based on failure
consequences. After establishing the classifications, low cycle fatigue and fracture mechanics screening of the components takes place.

It is at thia time that preliminary NDE needs are established. Should these preliminary NDE needs exceed current or anticipated state-of-the-art
NDE capabilities, tome redesign of the component or component feature may be required.

Design Quality Assumptions

Assessment of components for damage tolerance is predicated on the assumption that initial defects can exist a all life limiting component features.
Therefore, working stress levels are established that will enable their fracture mechanics residual life to meet the required life goals. Defects of
concern are of two types: (1) Surface flaws which are linear timperfections in the form of a break, fissure or oher discontinuity on the surface of the
component. A surface flaw is characterized as having a depth and a length. (2) Subsurface flaws which are internal (sometimes called embedded or
volumetric) material defects in the shape of an irregular void that is open or partially healed. The void may contain or conform to matter that is
inhomogeneons with the surrounding material (such as an inclusion). Subsurface flaws are characterized as having an equivalent planar diameter
based upon inspection technique and comparison to a known standard.

Often the term "near surface" is used to describe a flaw that is located close to the surface of a component, but is not contiguous with that surface.
This type of flaw is a subsurface flaw: The terminology has evolved because the inspection techniques which detect near-surface flaws are usually
those used for surface inspections, and because of the inability of most subsurface inspections to rehably detect anomalies within I mm of the
surface.

Assumed initial flaw sizes are based on defined intrinsic material defect data, known manufacturing microstructural process limitations and/or
demonstrated rehability of nondestructive inspection methods employed during manufacturing. Nondestructive inspection methods typically
employed during manufacturing include visual, florescent penetrant. eddy current and magnetic particle techniques for surface flaws and ultrasonic
and x-ray for subsurface flaws. For some components, proof loading may also be a viable technique for manufacturing (and in-service)
inspections. Variations of these techniques can be used for both surface and subsurface inspections; examples include ultrasonic surface wave
inspection for surface defects on airfoils. magnetic particle inspection for surface and near surface flaws in ferromagnetic materials, and proof
loading for very small surface or subsurface flaws.

Knowledge of the capabilities of the NDE methods is required because the assumed initial flaw sizes must be based on the type of inspection to be
used during manufacturing or subsequent maintenance of the engine components. In addition to the inspectios method, the mean of performing
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the inspection should be known. Three types of inspection means are usually acknowledged: manual, where the inspection device is maneuvered by
hand and the interpretation of reib is by the individual inspector; semiautomatic, where inspection device maneuvering may be automated but
interpretation of results is operator dependent (or the converse); or automated, where maneuvering of the inspection device and mspecuon
accept-reject criteria are preprogrammed. Typical minimum initial flaw size assumptiom for flaw types and inspection means are listed in Table 2
for generic component features.

TABLE 11
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Deterministic Lifing

Flaw location and orientation assumptions are a function of the particular system used to calculate life. Two methods are currently used.
Deterministic lifing systems utilize single valued inputs or assumptions, and result in a single valued output of predicted life. Deterinistically. given
an initial flaw size, a crack geometry, a specified stress and temperature and the appropriate material crack growth rate model, a single value of life
will result. Usually, mean input values are used and the resulting prediction represents a typical life. Factors can be applied to establish desired life
other than typical. Obviously, assuming all worst case input values will produce a conservative life. In deterministic life calculations, the flaw is
assumed to be of a size, located and oriented in the component or feature. so as to produce its most rapid growth. No credit is taken for incubation
life; the flaw is assumed to grow immediately upon the components operation in service. NDE reliability is not an input in the life calculation, and
does not directly influence the life prediction, other than to determine the assumed starting crack size. NDE reliability may be used subsequently in
performing an assessnent of risk in reaching the calculated life.

Probablllstic Llflag

Probabilistic lifing systems utilize a combination of data based statistical distributions of the life-controlling variables and computing techniques to
predict a distribution of lives for a specified population of components. Simulation techniques are most often utilized because closed-form
analytical solutions accounting for all the influencing parameters become intractable. Simulation involves construction of a mathematical model of
the entire system (component life cycle) in terms of individual statistical events representing the various elements of the system. The variables
which affect component life are quantified in terms of probability distributions. These distributions might include inherent material quality, crack
initiation behavior, crack propagation behavior, stress and temperature variability, usage variability and NDE variability. More sophistication can be
added in the form of sequencing of failure sites or fleet aging. By randomly sampling from each of the input distributions, calculating a life from
each sample, and then repeating this process a sufficient number of times, an output distribution of the desired resolution can be obtained. For
example, if an output resolution of S in 1000 is desired, 10,000 sample calculations might be conducted. Monte Carlo techniques are
computationally efficient for these types of analyses.

Probabilistic techniques enable the designer to account for occurrence of material microstructutal anomalies as well as the actual inspection
probability of detection associated with the initial flaw size assumption. In the probabilistic approach, the entire probability of detection curve for a
given inspection is used, as opposed to a single point such as the 90% POD at 95% confidence used in the deterministic flaw size assumption.

Figure 5 illustrates reliability curves for two inspection processes which have the same probability of detection at a given size surface flaw. While one
could state that for an initial flaw assumption based upon demonstrated reliability either process is adequate for deterministic calculations, the
predicted in-service component life could vary considerably. This is due to the shape of the curves. Usin probabilistic techniques, this difference
in shape can be accounted for, and may impact the assumptions used in the component design. In fact, the design of the component could be
changed to enable less costly inspections to be performed, or to increase service intervals. Because 3f the options available to the designer,
probabilistic approaches are preferred in that a more realistic evaluation of potential flaws, their occurrence, and their affect on component life
capsbility will result.

Component Inspectibliity

As the entire premise for damage tolerance is based upon preventing failure from prior or service induced flaws, and nondestrsctive inspection is
used to detect these flaws, it follows that component inspecobility is a prime design concern. Therefore, fracture critical components or features
thereof, are subclaslfied as in-service inspectible. or in-service noninspectible. This classfication impacts the initial flaw assumptions used to
evaluate damage tolerance, and the criteria used in designing and lifing components. In-service noninspectible components generally must have a
flaw growth life which exceeds the desired propulsion system life by some factor. In-service inspectible components generally must have a flaw
growth ie which exceeds the desired propulsion system maintenance interval by some factor. As system maintenance intervals are usually a portion
of the expected system service life, the assumed intial flaw size for an in-service inspeckle componem or feature may be larger than for an
in-service noninspectible component or feature. In-service noninspectibe component features have initial flaw size assumptions which reflect
manufacturing NDE capability, while in-service inspectible features utilized a combination of manufacturing and maintenance NDE capabilities.

An example of an in-service noninspectible component feature might be a disk bore or rim area. In the manufacturing process, subsurface flaw

l l I l ~~I lIl I I I ,,, .......
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Figure 5. The Shape Of The NDE Refiabldiay Curve Is Accounted For In Probabilstic Ulfe Anays

inspection is normally conducted using ultrasonic techniques with the disk in a semifinished shape. This semifinished shape is optimized for
inspectibility. After clearing this inspection, the disk is finished machined. In the finished machined configuration. the bore or rim areas are not
ultrasonically inspectible to the required sensitivity, therefore, subsequent maintenance inspections for subsurface flaws would be impossible.
(Author's Note: Progress is being made in ultrasonic inspection echnology which will ultimately allow this type of inspection on finished
components, both in manufacturing and maintenance). The bore and rim areas of the disk would therefore be classified as in-service
noninspectible for subsurface flaws and perhaps require more stringent initial flaw size assumptions and thus more sensitive NDE capability to meet
the damage tolerance iling criteria. Certain types of bonded joints could also fall in this category.

Surface flaw inspection is generally possible for all features of a disk using penetrant or eddy current techniques. In-service inspection for surface
flaws may require sophisticated inspection equipment, but unless the configuration precludes inspection access, very few surface features would be
classified as in-service noninspectible.

Maintenance/inspection Intervals

To minimize life cycle costs, it is desirable to have no in-service inspection requirements during the engine design lifetime. However, to design all
fracture critical components to enable an in-service noninspectible classification could impose significant engine weight penalties. In-service
noninspectible component features are usually designed such that flaw growth life is at teas twice the engine design life. Therefore, the in-service
noninspectible classification should be reserved for components or features which cannot be reliably reinspected at the engine maintenance facility,
For most components, the design approach would be expected to result in an "in-service inspectible" classification.

Inspection intervals for fracture critical components are predicated on a safety limit established by fracture mechanics analyses. The safety limit is
the service time (or cycles) beyond which the risk of component failure is considered to be unacceptably high if corrective action, such as an
in-service inspection, is not taken. This limit therefore does not represent component usable life or retirement limits; but does represent a limit on
a service interval where an inspection should be imposed to prevent potential component failure. These isipection intervals are then interacted with
other maintenance concerns to establish overall engine force structural maintenance intervals. Iterations may be required to optimize the
component design and NDE capabilities to obtain maintenance interval goals.

It is desirable to have component residual crack growth lives (safety limits) be at least twice these inspection intervals for in-service inspectible
features. This requires that the largest assumed flaw not grow to failure in two times (2X) the planned inspection interval. The relationship of safety
limit and inspection interval is illustrated in Figure 6. Use of factors less than two is possible, but should be done on an individual component or
feature basis predicated on mutually acceptable risk and review of available redesign options.

The frequency of inspections is therefore determined by component classification, and for a fracture critical component by it's inspectibility
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in-serv0ce. For components classified as in-service noninspecuble ipnsection is required during manufacture and at the completion of one design
lifetime if he component or system i is to be extended (Retirement for Cause). For components classified as in-service inspectible. inspection is
required during manufacture and at completion of each maintenance or impection ierval. The factor relating rsdua crack growth life and
inspection inervals is called the propagation margin and is. in effect, a safety factor. It serves as protection against unknowns in the life analysis,
and also protects agamst failures from material property variations where crack growth rate may be faster than the mean.

Geometry Coesideratlens

Design engineers are admonished to consider inspectiility when working with specific component features. Particular attenton is called to radii and
hole diameters. Selection of the largest practical hole diameter often results in uproved imnspectibiliey as does selection of a larger fillet radius for a
difficult to access location. A 12 mm diameter hole is easier to inspect than a 6 mm diameter hole. These guidelines not only result in improved
inspectibility, but often reduce concentrated stresses, with subsequent lifing benefits. In some locations on a component, these instructions are
easily adhered to. Most often, other functional criteria require compromise of pure Inipectibilty considerations. This makes it imperative that the
designer be knowledgeable of NDE capabilities or have NDE consultants readily available. Damage tolerance concerns emphasize the importance
of this interaction. Design reviews, where each feature of each component is examined are an essential pars of this process.

Examples of typical sites and the flaws that can occur in engine rotating components (disks, hubs, shafts and seals) are shown in Figure 7. For most
of these flaw types. penetrant or eddy current inspection methods are usually used. In the case of subsurface flaws, ultrasonic inspections are used.
Recent developments in ultrasonic inspection techniques now allow in-service inspections for some smooth geometry features such as portions of
disk bores and webs. Flaw reject limits are based upon the detectable flaw size, the residual crack growth life and the maintenance (or inspection)
interval.

n me lnd e ge ScallOp
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Figure 7. Examples Of Typical Flaws And The Geometric Locations Where They Occur In Rotating Components

This paper has emphasized NDE and component design relationships for high energy rotating components such as disks, hubs and airseals. Airfoil
sections can also be treated in a similar manner, however, the presence of vibratory messes must be accounted for. The usual approach is to limit
the assumed initial flaw size such that the flaw, if present, would not grow under the anticipated vibratory stress field. For those cas where the
flaw size is smaller than demonstrated NDE capability, redesign may be required.

Joints or bonded structures are also treated in the same manner. Again, appropriate material properties and NDE capability must be used.

A final consideration in the relationship of NDE needs and component design is the use of surface treatments. Shot peening, coldworking, and
coatings affect inspectibility. In the manufacturing process, inspection can be conducted prior to the surface treatment. However, in-service
inspections could be difficult if the surface treatment is not removed. Where surface treatments are to be used in manufacturing, the designer must
consider the impact on in-service inspection preparations and techniques for the effected component.

Summary

The use of damage tolerance concepts in design has integrated NDE needs into the design process. These needs are now addressed as an integral
part of establishing component desigts, and directly influence those designs. In addition to utilizing damage tolerant materials in satisfying low cycle
fatigue and fracture mechanics life requirements, configurations must reflect realistic NDE limitations and capabilities, provide for (good)
inspectibility, and address manufacturing and material processing limitations. Despite initial misgivings , experience has shown damage tolerance can
be achieved with little weight penalty. There is every indication that unexpected failure occurrences wi" be reduced as a result. The evolution and
application of damage tolerance concepts for US military aircraft engines was accelerated by the implementation of the Engine Structural Integrity
Program (ENSIP) by the USAF. This program has also been effective in defining the relationship of NDE needs and component design.

In developing a common approach for application of damage tolerance concepts within the AGARD Community, the USAF ENSIP standard could
be used as a reference. It does address the basic requirements and assumptions necessary in developing a 'safe' design. The approach shoutld
address what is required, not necessarily how it is to be obtained. By doing this, flexibility in meeting requirements will be maintained and options in
the methods used will be allowed. It is the author's contention that probabilistic methods are the ortinum means for addressing NDE concerns in
the design process.
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SUMMARY

This paper reports the results of a demonstration programme carried out to determine
the influence of the sensitivity and reliability of nondestructive inspection (NDI) tech-
niques on the damage tolerance based life assessment of aero engine turbine discs. The pro-
gramme was carried out on the 5th stage compressor discs of the J85-CAN40 engine, made from
the AM-355 stainless steel. The sensitivity and reliability of several NDI techniques, in
detecting service induced low cycle fatigue (LCF) cracks in the disc bolt hole regions, are
assessed on the basis of detectable crack sizes at 90% probability of detection (POD) and
90% POD with 95% confidence level. The ND! techniques examined are the liquid penetrant
inspection (LPI) technique, a manual eddy current inspection (ECI) technique using two gain
settings and an ultrasonic leaky wave (ULW) technique using an automated C-scan system.
The safe inspection intervals (SIIs) for the 5th stage compressor disc are calculated using
deterministic fracture mechanics (DFM) and probabilistic fracture mechanics (PFM) princ-
iples. These calculations involve the use of the NDI data, finite element analysis and the
experimental fatigue crack growth rate (FCGR) data generated on compact tension specimens
machined from discs.

The results indicate that the manual ECI technique with a high gain setting and the
automated ULW technique are the most sensitive and reliable in detecting LCF cracks. The
percentages of false calls for the sensitive ECI and the ULW techniques were measured to be
2.4% and 0.6% respectively. The demonstration programme suggests that the guidelines for
the assumed initial crack length (ai) values provided for LPI, ECI and ultrasonic tech-
niques in the United States Air Force Military Standard MIL-STD-1783 are too optimistic for
widely used manual NDI procedures.

The results demonstrate that the sensitive ECI and the ULW techniques yield the
largest SI! values when the longest crack missed and the detectable crack sizes at 90% POD
and 90/95 POD are substituted for ai values in DFM calculations. In all cases, however,
the SI values are too short for the damage tolerance based life prediction to be cost
effective.

The PFM analysis, on the other hand, which randomly uses the distribution of unde-
tected crack sizes for a given NDI technique to choose an ai value for fracture mechanics
calculations, demonstrates that the worst case combinations of ai and FCGR do not occur
during 7000 disc simulations. The PFM results also indicate that it may be possible to
obtain cost effective SIIs if the sensitive ECI and the automated ULW techniques are used.
However, the behaviour of short cracks would have to be characterized prior to obtaining
usable PFM based SIls.

1. INMRODUCTION

Damage tolerance based life prediction (DTLP) procedures are receiving attention for
establishing turbine disc design life limits in new engines ane. for extending the usable

service lives of discs whose life limits have been established conventionally(
1 -5

). The
concepts have already been considered for several new generation engines, including the
F100-PW-220, F11O-GE-100 and F1Og-GA-10 engines. They have also been applied to existing
engines such as PW F1OO, GE TF34 in the US and to GE J8S-CAN40/15 in Canada for extending
the usable service lives of discs(

5
).

In theory, DTLP procedures assume that the fracture critical locations of a component
contain cracks of a size just below the detection limit of the nondestructive inspection
(NDI) technique. The crack is then assumed to grow during service in a manner that can be
predicted by linear elastic fracture mechanics or other acceptable methods, until a
predetermined dysfunction limit*is reached beyond which the risk of failure due to rapid
crack growth becomes excessive. The rates of crack growth and the dysfunction crack sizes
are established analytically based on beat estimates of service loads and material

*Note dysfunction crack size is not necessarily a critical crack length for catastrophic
failure.
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properties. The time or number of cycles required to grow the assumed crack (ai) to its
dysfunction size (ad) is then used to define a safe inspection interval (SII) usually by
dividing the life to dysfunction by a safety factor of 2(6). This life cycle management
concept is illustrated schematically in Fig. 1 which shows that at the end of one SII, all
components are inspected and crack free components are returned to service for another Sil
and the procedure repeated until a crack is found. In this manner, components are retired
on an individual basis when their condition dictates. In order to implement the DTLP
procedure of Fig. 1, it is imperative to determine the detection limits of the candidate
NDI techniques and to ensure that the selected NDI technique does not miss a dysfunction
crack size under any circumstances. The United States Air Force (USAF) MIL-STD-1783 speci-
fies that initial flaws shall be assumed to exist as a result of material manufacturing and
processing operations and these flaw sizes shall be based on the intrinsic material defect
distribution, manufacturing process and the NDI methods to be used during manufacture of

the component(
7
).

In practice, however, the SII is computed either by using deterministic fracture

mechanics (DFM) or probabilistic fracture mechanics (PFM) approaches(
6
,8-

12
). The DFM

approach assumes that an initial flaw size ai already exists in the critical location of a

component, where ai is defined as the maximum crack size that might be missed by the NDI

technique used
(7
). Fracture mechanics analysis is carried out to plot the curve of worst

case crack size (a) versus the number of fatigue cycles as shown in Fig. 1. The cyclic
stress Intensity factor (&K) ahead of the crack tip is given byt

4K = As.'la (1)

where X is a factor that depends on the crack shape, structure end gradient of stresses and
Au is the stress amplitude. Assuming that stable fatigue crack growth conditions prevail,
the fatigue crack growth rate (FCGR) is given by:

da = C(&K)n (2)

where C and n are experimentally determined material constants. Upon substituting for AK

from equation (1) in equation (2) and integrating, the number of fatigue cycles (Nd)

required to grow a crack from the assumed initial size a i to the dysfunction size ad is

given by:

ad n

Nd n f (s) da (3)

However, the DFM approach can be overly conservative since SII is calculated by using worst
case values of n, C, Ac, ai and ad, where;

Nd
s = d (4)

It has been suggested that the worst case situation for each and every variable in equation
(3) may never occur in real life and these assumptions therefore impose unrealistic

constraints on SI calculations(
1 3

,
14

).

The PFM approach also uses deterministic equations (1) to (4) for calculating a SI!
but input parameters such as ai, ad, C, n and &a are treated as random variables with known

or assumed distributions to generate a Nd distribution curve(
10

,
1 2 "1 3 )

. Therefore, rather

than calculating a single SII value and using a safety factor based on good engineering
judgement, a range of SIIs is calculated and appropriate values are selected to maintain a

sufficiently low but cost effective failure probability (F)
( 1 5 )

. For example, the observed

scatter in 9 in equation (2) could be simulated by random variation in C where C is
assumed to show a log-normal dlstribution(

I0
),

or log C = Gau(pc,Sc )  (5)

where pc depicts the mean and Sc is the standard deviation. Similarly, a normal As

variation can be represented by:

&a = Gau( A, S A) (6)

where MA5 represents the mean and SAS is the standard deviation. Finally, the ai and ad

distributions can also be assumed to be log-normal,

or log a = Gau(pa,Sa) (7)

where ga represents the mean and Sa is the standard deviation. The number of cycles (Nd)

required to propagate a, to ad can be represented by:

Nd = f(C,.As,si,ad) (8)
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Equations (5) to (7) can be combined with equation (3) to generate an Nd distribution and a

SII value can be picked from this Nd distribution at an appropriate failure probability,

such as, for example 0.1% F. It has been suggested that in accordance with the central
limit theorem, a large Nd data base will follow a log-normal distribution providing a

single random variable does not dominate the product of the variables in equation (a)(16).
The log-normal Nd distribution is represented by:

= 1 1 I ~ d 2f(Nd) = ____N d  I-I- 2 g
f(N d) exp(9

where 11 and C are related to the mean and standard deviation of the varlae. Some

researchers, on the other hand, prefer to use a Weibull distribution for Nd, because it is
independent of the underlying distributions of the random variables and biased theoretical
opinions are less likely to influence the overall results. The equation for the Weibull

distribution is of the form(
1 7

):

F(Nd) =l-exp- [i-I (10)

where q is the characteristic life and B is the slope.

Whether DFM or PFM approaches are used to calculate Nd, equations (3) and (8) clearly

indicate that Nd predictions will be strongly influenced by the crack length values used

for ai and ad. Usually a single (worst case) ad value is specified for a given batch of

components using the best estimates of service loads and material properties. In contrast,
the ai value chosen for calculating Nd through equations (3) and (8) will depend upon the

detection and sizing capabilities of the NDI technique used to inspect the components.
This dependence requires that a number of NDI techniques should be quantified in terms of
crack detection capabilities (sensitivity) and reliability (probability of detection) in
order to select the most suitable NDI technique for implementing the DTLP procedures for a
given set of components. One way of assessing the suitability of a given NDI technique is
through a statistically valid demonstration programme.

In a demonstration programme, a statistically significant number of flawed and flaw
free parts are inspected by NDI procedures that essentially duplicate proposed maintenance
inspections and statistically significant crack growth rate data bases are generated on
coupons or components in environments that duplicate the engine operating environment. The
essential elements of a demonstration programme involve the assessment of the sensitivity
and reliability of various NOI procedures for selecting ai values and performing fracture

mechanics calculations for predicting SIIs. The objectives of a demonstration programme
are to assess the feasibility of implementing DTLP procedures and to use the predicted SI
values for selecting the most cost effective NDI technique for a given set of components.

This paper presents the results of a programme that was conducted to determine the
influence of the sensitivity and reliability of several NDI techniques, available for
detecting turbine disc bolt hole cracks, on DFM and PFM based SII predictions for J85-CAN40
5th stage compressor discs. The NDI techniques evaluated included the conventional liquid
penetrant inspection (LPI), manual eddy current inspection (ECI) and an ultrasonic leaky
wave (ULW) inspection carried out in an automated C-scan system.

2. EXPERINTAL MATERIALS AND MEHODS

JSS-CAN40 5th stage compressor discs were selected for this demonstration programme
because a large number of retired discs, containing service induced cracks, were available.
In all cases, the low cycle fatigue cracks initiated in the tie bolt holes and then grew

radially inward towards the bore of the discs(
6
). The discs are fabricated from AM-355

material, a precipitation hardened martensitic stainless steel.

2.1 FRACTURE MECHANICS TESTING

To generate a crack growth data base for use in DFM and PFM calculations, FCGR testing
was performed on compact tension (CT) specimens machined from retired 5th stage compressor
discs. The CT specimens were machined as close to the bolt holes as possible. In order to
simulate the fatigue crack growth behaviour of service cracks, the CT specimens were
machined such that the direction of crack propagation through the specimen was radial
towards the bore of the disc. This orientation is illustrated in Fig. 2. The geometry of
the CT specimens is illustrated in Fig. 3. The CT specimen met the ASTM standard E-647

minimum size recommendations in all dimensions excepting the specimen thickness(
18

). The
specimen thickness was limited by the minimum disc thickness in the bolt hole regions. The
CT specimen required a precrack of 6.67 mm and had a valid final crack length of 17.6 mm.
These crack lengths correspond to a AK range of 30 to 85 NPa v% at a stress ratio (R) of

0.1. The CT specimen also met the elasticity requirements of ASTM E-647(
1
8).
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The FCGR testing was carried out at 200*C in the laboratory air environment using a
sawtooth waveform at a frequency of 1 Hz and an R value of 0.1. The maximum applied
load was 1 kN. The 200oC testing temperature was selected to simulate the disc service
temperature and a sawtooth loading cycle was selected because it was deemed more severe

than a comparable sine wave form(
19

). An automated direct current potential drop technique
was used to monitor the crack length during the testing and the details of this technique
can be found elsewhere

(20
). The data acquisition time for the potential drop technique was

limited to 1 second per reading in order to eliminate creep contributions to crack growth.
Six CT specimens from the same disc were tested.

2.2 NONDESTRUCTIVE INSPECTION AMD CRACK VERIFICATION PROCEDURES

Ten severely cracked, 5th stage compressor discs were used in this study. Each disc
contains forty bolt holes which are used to assemble the compressor section, Fig. 4. These
discs had been inspected by qualified NDI personnel at the engine overhaul and maintenance
(EOM) facility using a production LPI technique with a 30 minute dye penetrant soaking per-
iod (called LPI30). The LPI maps were supplied for further analysis. All discs were sent
to the Air~raft Maintenance and Development Unit (AMDU) of the Canadian Forces for labors-
tory nondestructive inspections. Two sets of inspections were carried out by qualified NDI
personnel using conventional LPI as well as the manual ECI techniques. Two AMDU technic-
ians certified at Level II in LPI carried out the inspections in accordance with the
MIL-STD-6866(

21
), Type I, Method D specifications using 45 and 60 minute dye penetrant

soaking periods (called LP145 and LPI60 respectively). The crack lengths were measured
with a digital readout vernier caliper with an accuracy of ±0.02 mm.

The manual ECI at AMDU was also carried out by two technicians certified at level I.
The ECI was conducted using a Nortec Reichii instrument equipped with a 4.76 mm diameter
rotating probe scanner (3000 rpm) which is specifically designed for fasterner bolt hole
(4.84 mm diameter) inspections. The ECI unit operated at a test frequency of 500 Hz and at
this frequency, the maximum eddy current penetration depth for AM-355 material is 6mm

(22 )
.

Two gain setting levels were used for ECI, One inspector used a gain setting of 2 (called
ECI2) whereas the other inspector used a more sensitive gain setting of 5 (called ECI5).
In the present investigation, however, the eddy current signals were not processed to size
the cracks. Only an indication of whether a crack existed or not was noted for each bolt
hole.

A further inspection was carried out on all discs using an ultrasonic leaky wave (ULW)
technique, which is described in reference 23. This method is not an approved NDI
technique for crack detection in engine components but it was felt that the technique had
potential for detecting disc bolt hole cracks. The inspections were performed automatic-
ally using the California Data Corporation C-scan system at NAE, which produced an image of
cracks indicating the location and the size of the cracks. The compressor discs were
mounted on a turntable immersed in a water tank and a 10 MHz (25.4 mm focal length) probe
was positioned at ,20* to the surface of the disc for sending and receiving the ultrasonic
waves. The disc was rotated while the probe moved radially towards the bore until the
required area of the disc was covered. The ULW inspections were performed by two students
who were trained for approximately one month on the instrument. The students did not have
any formal training in NDI and the C-scan images were individually interpreted by the
students.

After the nondestructive inspections were completed, the material surrounding all bolt
hole areas were cut out into coupons as shown in Fig. 5(a). The bolt hole coupons in
which cracks were detected by ULW were pried open along the crack faces, Fig. 5b, allowing
crack lengths and crack geometries to be measured by scanning electron microscopy (SEM),
Figs. 5(c) and 5(d). The remaining coupons were mounted in bakelite and mechanically
polished for examination under an optical microscope. Care was taken to avoid excessive
grinding which would efface small corner cracks. Again, the bolt hole coupons, where
cracks were detected optically, were pried open along the crack faces and the crack lengths
were measured by SEbi. Finally, all remaining bolt hole coupons were broken out of the
bakelite mounts and fractured in accordance with the procedure shown in Fig. 5(b). It was
felt that an embedded crack would not be visible optically, and if a crack was indeed
present, then the bolt hole coupon would fracture along the embedded crack surface. There-
fore, all fractured bolt hole coupons were examined by SEM and a typical thumbnail profile
with some fatigue striations ahead of the thumbnail (usually showing dark fracture surface
due to service exposure) was considered as a service induced crack, Fig. 6. This procedure
revealed approximetely 100 additional cracks that were not detected optically(

24
).

3. RESULTS AND DISCUSSION

In order to calculate a SI through DFM or PFM analysis, statistically significant
information must be available on:

(a) sensitivity and reliability of NDI techniques used for detecting cracks, i.e. a
maximum ai value for DFM calculations or an a, distribution for PFM calculations,

(b) FCGR data, i.e. da/dN scatterband as a function of AK.

(c) operational loads, i.e. AK varying as a function of crack length for the component,
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(d) dysfunction crack size, i.e. ad, and

(e) a typical engine mission profile.

A dysfunction crack size, ad, of 4.5 mm was specified for the 5th stage compressor

disc bolt hole cracks by the engine manufacturer
(4 )

. This ad limit was apparently derived

on the basis of fracture mechanics testing, vibration analysis and field experience
(4

).

Between ai and ad, however, the stress distribution ahead of the crack tip would be

expected to change since disc dimensions and the distance between the crack tip and the
disc rotational axis are continuously changing. A three dimensional finite element stress
analysis was therefore carried out on the 5th stage compressor disc where the disc was

assumed to rotate between zero and 16,500 rpm(
2 5 ]

. The stress distribution ahead of the
crack tip of a bolt hole thru-crack was then computed under plane stress conditions. The
values of AK computed in this manner for various bolt hole crack lengths have been plotted
in Fig. 7, where AK is noted to increase with increasing crack length.

The FCGR data from CT specimens showed a large amount of scatter, Fig. 8. The Paris
relationship, Eq. (2), was fitted to the data using a least squares method of linear
regression. The mean line equation was found to be:

da = 2.14 x 10-
12 

(AK)
3
.
1 6 

m/cycle (11)dN

where AK is in MPaAR. The conditional standard deviation (Sy/x) was calculated in order to
account for the scatter in FCGR results. Figure 8 shows a mean solid line drawn through
the data points and two parallel dashed lines drawn at ±3 conditional standard deviations
of log C (,0.0711) from the mean line. The upper bound of the scatterband was calculated
by drawing a line parallel to the mean line at +3 conditional standard deviations and the
equation for the upper band was found to be:

da = io+(3-0.0711) -12 3.16
TN × 2.14x10 (AK) s/cycle

or da 3.497 i n0-12(AK)3.16 m/cycle (12)

In order to determine ai values for DFM calculations, the longest crack missed (ai
longest) by each NDI technique was noted, Table 1. The longest crack missed by the ULW
technique was 1.48 mm in length whereas the LPI techniques missed cracks that were 3.69 to
4.33 mm in length. The most sensitive ECI technique (ECIS) detected almost all cracks
above 1.27 mm in length although it missed one crack that was 2.7 mm in length. It will be
recalled that the ECI in this study was carried out manually and it is likely that the 2.7
mm long crack missed by ECI5 could be due to an operator error. The less sensitive ECI
technique (ECI2), on the other hand, consistently missed cracks longer than 4 mm. The USAF
MIL-STD-1783, however, provides an approximate guideline for selecting ai values stating

that 0.8 mm and 0.4 mm uncovered surface flaw length should be assumed in the case of LPI

and ECI/ultrasonic techniques respectively(
7
).

The USAF MIL-STD-1783 also recommends that the selected ai value based on the NDI

method used to inspect the component should be demonstrated to have a POD and confidence

level of 90% and 95%, respectively(
7
). In order to determine the POD as a function of

crack length for our NDI data, the crack lengths were grouped into intervals since only one
inspection per crack was performed for a given NDI procedure. Several crack length inter-
vals between 0.2 mm and 1 mm were tried and the best compromise between the number of crack
length intervals and the maximum number of cracks contained in each interval was obtained

for a crack length interval of 0.5 mm(
2 6

). The POD data points were calculated by dividing

the number of cracks detected in a given crack length interval by the total number of

cracks contained in that interval. Following the suggestion of Berens and Hovey(
2 7

), the
middle of each crack length interval was assigned the calculated POD value rather than the

maximum crack length in that interval. For reasons explained elsewhere(
2 6

), a log-logistic
curve was fitted through the POD data points using the equation:

exp (0 1 MnY1
Pi 1 + exp(80+ 1 Inai) (13)

where Pi is the POD value for a given crack length interval, A, is the slope parameter and

i varies between 1 and n I , where n i is the total number of crack length intervals used to

plot the POD curve. The curve fitting procedure involves the transformation of (Pi,ai)
pairs into a regressible format of the form:

Yi a+ Ox (14)

where Yi = log(Pi/(l-Pi)J and xi = log(ai) and a is the intercept of the regressed line.

In situations where all or no cracks are detected within a given crack length interval, Pi
is given by [l/(nl-l)) or fnl/(nl+l)l respectively)(

27
).

. . . . .. L. ,a l - m 'w nwwu
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The POD data for LP130, LPI45, LPI60, ECI2, EC15 and ULW techniquea were regressed in
accordance with equations (13) and (14) and the mean log-logistic curves are plotted on a
linear scale in Figures 9, 10, 11, 12, 13 and 14 respectively. Additional regression
analysis was performed on ECIS data assuming that the 2.7 mm long crack missed by this
technique was an operator error (from now on depicted by ECI5*) and this crack was consid-
ered detected while analyzing the NDI data. The mean POD versus crack length curve for
ECI5* is presented in Fig. 15. A set of ai values was picked from Figs 9 to 15 at 90% POD.

These 90/mean ai values are compared with the longest crack missed data (ailongest) in

Table I. There is no direct correlation between ailonges t and 90/mean ai , although for a

given NDr procedure, both methods of selection yield similar ai values, Table 1. It

should, however, be recognized that the 90/mean ai value is % reflection of the sensitivity

of a given NDI technique because this value indicates that 90% of the cracks, i.e. a large
proportion, of this size were detected in the demonstration programme. The smaller the
90/mean ai value, the more sensitive is the NDI technique. It is therefore evident that

EC15 proved most sensitive in detecting LCF cracks (90/mean ai = 1.65 mm), closely followed

by ULW (90/mean ai = 1.85 mm), whereas LPI techniques were less sensitive (90/mean ai =

3.45 to 3.75 mm), Table 1. Out of all LPI procedures examined in this demonstration
programme, LPI60 was marginally more sensitive than LP130 and LP145.

However, the calculated a, value at a given POD or POD as a function of crack length

for a given NDI procedure are known to show statistical variations from one demonstration

programme to another
(26

'
27

). These variations arise from a number of uncontrollable
factors such as the ability and the attitude of the inspector, material type and component
geometry and the location, orientation and the size of the flaw. Standard statistical
methods are therefore used to plot confidence bounds on top of the mean POD data and a
lower 95% confidence POD line is used to assess the reliability of various NDI techniques.
The closer the 95% confidence line to the mean-POD line, the more reliable is the NDI tech-
nique. Following similar logic, the smaller the ai value at 90% POD with 95% confidence

(90/95 ai) the more sensitive and reliable is the NDI technique.

A number of distributions were used to calculate the 95% confidence bounds on the mean
log-logistic POD curves presented in Figs. 9 to 15. The distributions tried included the
F-distribution, the normal distribution, the student t-distribution and the binomial
distribution. Results comparing their suitability for realistically describing various

types of NDI data can be found elsewhere(
26

). In the present investigation, however, the
normal and the student t-distributions resulted in the 95Y confidence bounds that were
closer to the mean POD curves for longer crack lengths relative to those given by the

binomial and the F-distributions(
26

). The criterion for selecting the most suitable
distribution for computing the 95% confidence bound is based on the closeness of the 95%
confidence-curve to the mean POD curve at longer crack length values. This procedure is
considered to be a realistic approach. It is logical to assume that the larger the crack
size, the higher should be the chance of its detection. Between the normal and the
student-t distributions, the 95% confidence bounds were closer to the mean POD line in the

case of the normal distribution(
26 )

. The 95% confidence bound in the case of the normal
distribution was determined by:

POD95% confidence = PODmean ± 1.96 Sy/x (15)

where 1.96 is the normal standard variate for a confidence interval of 0.95 and Sy/x is the

conditional standard variance(
26
). This assumption leads to a lower bound 95% confidence

curve which also takes a log-logistic form with the same slope as the mean POD line but
with a different intercept value in equation (14), Figs. 9 to 15. A set of 90/95 ai values

was picked from Figs. 9 to 15 and these data are compared with the ailongest and 90/mean ai

values in Table 1. It is evident from Table 1 that a 90/95 ai value for a given NDI proce-
dure is considerably larger than the respective a'longes t and 90/mean i values. It is

also clear that the ULW technique appears superior to the ECIS technique when :ompared on
the basis of combined reliability and sensitivity, i.e. the 90/95 ai for ULW is 2.90 mm

versus 4.10 mm for ECIS. However, assuming that the 2.7 mm long crack missed by ECIS may
have been an operator error, the ECIS* technique comes out to be more reliable and
sensitive than the ULW technique, Table 1.

Having compared the reliability and sensitivity of various NDI techniques, the follow-
ing sections describe their influence on DFM and PFM based SI! calculations for the 5th
stage compressor discs.

3.1 DIM ANALYSIS

A number of "worst case" fracture mechanics calculations were performed to determine
Nd values upon selecting different ai values from Table 1, i.e. ai longest , 90/mean ai and

90/95 ai , for various NDI techniques and allowing the cracks to grow up to a predetermined

ad limit of 4.5 mm. Each Nd calculation was performed in a stepwise fashion using a
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computer programme. The initial stream intensity range (AKi) was computed for a selected

aivalue from Fig. 7 and the AK was allowed to vary from AKi to the dysfunction stress

intensity (AKd) in 2MPav% intervals. The upper bound crack growth rate equation (Eq. (12))
was iteratively used in conjunction with Fig. 7 to calculate the cumulative number of
fatigue cycles (Nd) required to grow the disc bolt hole crack from ai to ad ' In order to

convert the deterministic Nd data into engine operating hours, the calculated Nd values
could be divided by a factor of 3 to 5 since it was previously established that 3 to 5

major throttle excursions can occur per flight hour in the J85-CAN40/15 engines
(6
). The

number of fatigue cycles to dysfunction computed through this procedure were further
divided by a safety factor of 2 to obtain the SII's.

The SII's computed in cycles, using different inspection procedure and ai selection

criteria, are compared in Table 2. It is evident that all ai selection criteria yield
extremely low SI! values in the case of LPI30, LP145, LPI60 and ECI2 techniques. In fact,
when a 90/95 ai selection criterion is used in DFM calculations, the SI's equal zero in

all four cases because 90/95 ai values are greater than the predetermined ad values of 4.5
mm, Table 1. Using the 90/95 ai selection criteria, the longest SII obtained was of the
order of 1623 cycles for the EC15* technique.

The SIX's calculated on the basis of ailongest and g0/mean ai were of the same order

of magnitude for all NDI procedures with the exception of ECIS, Table 2. The deviation of
ECI5 from this general trend is caused by the single incident of missing a 2.7 mm long
crack. The longest SIX's (2285/2293 cycles) were obtained for the ECIS

5
* technique upon

using ailongest and 90/mean ai in the DFM calculations.

3.2 PFM ANALYSIS

The primary aim of the PFM analysis was to simulate the consequences of missing a
crack during inspection and/or of material degradation during service. In this paper,
however, we will only present the PFM results dealing with the consequences of missing a
crack. A computer programme, using Monte-Carlo simulation technique, was written to
perform the analysis and the flow diagram of the programme is presented in Fig. 16.

The programme used LCF cycles-to-crack-initiation (also known as time-to-crack-
iunitiation (TTCI)) distribution as a starting condition because TTCI provides an identifi-
able crack for inspection by state-of-the-art NDI techniques and it also permits the use of
fracture mechanics models for propagating the crack from a, to ad(28). In addition, the

crack initiation as well as the crack propagation life of a disc is completely utilized
through this approach. A Weibull distribution with known A and q values (similar to that
represented by equation (10)) is used to describe the TTCI distribution of the high strain
LCF damaged discs. The programme randomly chooses a TTCI value for a disc from the
specified Weibull distribution, Fig. 17, and simulates the NDI of the disc. Since, by
definition, the disc contains a crack approximately 0.8 mm in length at TTCI, the NDI
simulation for a given technique is performed by comparing the POD value at a specified
confidence level for a 0.8 mm, crack (Figs. 9 to 15) with a computer generated uniform
random number between the values of 0 and 1, which represents the probability of missing a
crack. If the random number generated is smaller than the POD value, then the crack is
detected and vice versa. In practice, however, if a crack is detected in a disc during
inspection it will be retired and for this reason the simulations indicating crack
detection were not used in the PFM analysis. If the crack at TTCI goes undetected by the
NDI simulation procedure, the programme randomly sizes the crack, i.e. ai, using the
experimentally determined log-normal distribution of the crack sizes undetected by a
particular NDI technique, Fig. 18.

Although, intuitively, one would expect the crack to be 0.8 rn in length at TTC!, an
estimated crack length of 0.8 mm by a given NDI technique could aztually be considerably
different if the crack is measured accurately with the help of SEN. In fact, linear
regression analysis between NDI estimated and SEN measured crack lengths was carried out on
results from four of the six NDI techniques during the course of this demonstration
programme, Table 3 and Fig. 19. The %C12 and ECIS techniques were excluded from this part
of the programme since they did not estimate a crack length but simply indicated whether a
crack was present or not. Given an NDI estimated crack length of 0.8 mm, the measured
crack lengths were assumed to vary normally about the mean and these normal distributions
were computed by using the conditional standard deviation across the mean regressed line in
Fig. 19. The measured crack length distributions for an estimated crack length of 0.8 mm
are plotted in Fig. 20 for LP130, LPI45, LP160 and ULW techniques. The ±95% confidence
bounds of the measured crack lengths for an estimated crack length of 0.8 mm, using dif-
ferent NDI techniques, are also presented in Table 3. In the case of LP130 and ULW tech-
niques, the SEN measured ±95% confidence bounds for an NDI estimated crack length of 0.8 mm

are seen to vary from a negative to a positive value. It is obviously not possible to have
a negative crack length but, theoretically, this is a solution since the normal distribu-
tion extends from negative to positive infinity. Given this type of a statistical guide-
line for determining the size of an undetected crack at TTCI, the random use of 'the
undetected crack size distribution' was considered more appropriate for PFM analysis. This
is because, first, all cracks have a Dositive length, secondly, statistically significant

mmmammmm m I m m mnmm mmmlml MMmm um
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data bases were available for all NDI techniques including ECI2 and ECIS, and thirdly it
provides a common basis for simulating the uncertainties associated with various NDI tech-
niques. In addition, the use of the undetected crack size distributions as a starting
condition for PFN analysis would always be best suited for simulating the behaviour of new

discs, thus making the programme more versatile(
29

).

Having determined an ai value, the programme computes the AKi from Fig. 7 and allows

the crack to grow from AKi to AKd in 2 MPaA8 intervals. To calculate Nd, the programme

uses the experimentally determined da/dN versus AK scatterband, Fig. 8, in a random
fashion. The crack growth rate equation is randomized following the method proposed by

Yang and his co-workers(
30
'
31 ) 

such that:
dalog L = Z + log C + n logK (16)

where Z is a normal random variable with zero mean and a standard deviation equal to the

conditional standard deviation of the log -9 in Fig. 8. For simplicity, 'n' is assumed to
have a constant value (e.g. 3.16 for the 5th stage compressor discs, see equations (11) and
(12), for all discs and the scatter in da/dN is taken into account by varying 'C' from one
disc to another. Typically, in 100 computer simulations da/dN varies between ±2 condition-
al standard deviations. The programme finally subtracts the original TTCI low cycle
fatigue cycles to yield purely Nd data that can be compared with DFM results. The Nd data
computed for a large number of discs are sorted numerically and given a cumulative proba-
bility plotting position using both log-normal and Weibull distribution functions. Both
least squares and maximum likelihood lines are drawn through the cumulative probability of
failure data to calculate the correlation coefficients for the PFM generated Nd distribu-
tion. Finally, the computer programme calculates a SII at 0.10% F using the Weibull or the
log-normal distributions.

It will be recognized that, while generating an Nd distribution through PFM analysis,

a sufficient number of simulations must be carried out to adequately represent the distri-
bution. Therefore, a stability and convergence test was carried out where 10, 50, 100,
200, 500, 1000, 2000 and 5000 simulation runs were repeated a number of times and a statis-
tically significant SIT data base was generated for each type of simulation run. A normal
distribution was then fitted through each set of SII data in order to determine the mean
and the standard deviation for the SIT. If the mean SIT values are close to one another
for all simulations, the data indicate good convergence whereas very small standard devia-
tions about the mean indicate good stability. It was found that 5000 simulations gave
stable SII estimates and the maximum likelihood SIls converged better than the least
squares estimates. Above 500 simulations, however, the least squares SII estimates also
showed good convergence.

A total of 7,000 simulations were carried out for each NDI technique using the mean
and the 95% confidence POD data in separate computer runs. All Nd data bases were plotted

in accordance with the Weibull and the log-normal distributions and the least squares lines
were drawn through the PFM generated data to determine the SII values from these plots.
Typical Weibull and log-normal plots for LPIO, ULW and ECI5* are shown in Figs. 21, 22 and
23 respectively. The results of all PFM simulations are presented in greater detail in
Tables 4 and 5. These tables list the number of cracks missed by each NDI technique, the
least squares line correlation coefficients for the Weibull and the log-normal distribu-
tions and the SII values at 0.1%F. It is evident from Tables 4 and 5 that LPI and ECI2
techniques missed the greatest number of cracks followed by the ULW technique whereas the
ECI5 missed the least number of cracks of all NDI techniques. As expected, the number of
cracks missed by a given NDI technique increases significantly when 95% confidence POD data
is used instead of the mean POD data in PFM simulations. These data therefore indicate
that for a crack length of 0.8 mm the ECI5 technique is more sensitive and reliable than
any other technique considered in this demonstration programme.

A comparison of the correlation coefficients for the Weibull and the log-normal
distributions in Tables 4 and 5 indicates that the Weibull distribution provides a slightly
better fit to the Nd data bases in the case of LPI30, LP145, LPI60 and ECI2 techniques. In

contrast, the log-normal distribution marginally fits the data better in the case of ULW
and ECI5 techniques. These observations suggest that the underlining log-normal distribu-
tion for the undetected crack sizes is not unduly biasing the overall Nd distribution, thus
proving the randomness of the PFM analysis in this demonstration programme.

The highest SIT values were obtained for the ECIS techniqie, closely followed by the
ULW .technique, whereas the SI1 values were considerably lower for ECI2 and LPI techniques,
Tables 4 and 5. This is because ECIS and ULW techniques primarily miss a large number of
smaller cracks which results in smaller ai values, and in turn a larger number of fatigue
cycles are required to grow the crack from the randomly chosen ai value to a fixed ad value

of 4.5 mm. In contrast, the LPI and ECI2 techniques miss a large number of longer cracks
thus decreasing the number of fatigue cycles required to grow a large ai to a fixed ad. It
should also be noted that the mean and the 95% confidence POD data do not appear to influ-
ence the SIT values significantly, Tables 4 and 5. It will, however, be recognized that
the 95% confidence POD data only increases the number of cracks undetected relative to the
mean POD data during PFM simulations, whereas the same 'undetected crack size distribution'
is used to size the cracks in both cases. Therefore, as long as a statistically signifi-
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cant number of cracks go undetected in both cases, one should expect these simlarities in
SII values for a given ND1 technique.

The PFN results also indicate that for a given NDI technique, the SII value computed
on the basis of the log-normal distribution is considerably larger than the value predicted
on the basis of the Neibull distribution, Tables 4 and 5. This discrepancy arises from
force fitting the log-normal distribution which does not take into account a number of data
points with lower Nd values. In contrast, the Welbull distribution takes the whole data

base into account while predictinq a SII value.

4. CONCLUD INCREIAKS

Traditionally, a binomial distribution has been used to specify the confidence bounds

for POD data because it is said to provide an optimum fit to the experimental resulta(
32

).
The major problem with the binomial distribution in terms of the type of inspection data
generated in the present work, i.e. one observation per crack, is related to the fact that
the confidence bounds are significantly influenced by the number of cracks contained in a
crack length interval, Fig. 24, and therefore the method used to choose this interval. In
addition, the USAF 'Have Cracks Will Travel' NDI programme on aircraft structural compon-

ents(
27 )

, where multiple observations per crack were carried out, demonstrated that cracks
of the same length could have different POD values. The binomial distribution on the other
hand assumes that a specific crack length will always reveal the same POD for a given NDI
procedure. Because of these limitations Berens and Hovy(

2 7
) concluded that a log-

logistic curve was the most suitable method for describing POD data. Having used the log-
logistic POD analysis method in the present work, it was found that the 90/mean and 90/95
ai values for the most sensitive NDI techniques, e.g. the ECIS and the ULW, do not even
come close to the ai guidelines provided in the USAF MIL-STD-1783, Table 1. The USAF
MIL-STD-1783 suggests that uncovered surface flaw lengths of 0.4 mm shall be assumed to be
present in the case of the ECI and ultrasonic inspection techniques. The smallest 90/mean
and 90/95 ai values, 1.25 mm and 1.75 mm respectively, were obtained in the case of EC15*

assuming that the 2.7 mm long crack missed by the manual ECIS technique was the result of
an operator error. It is therefore likely that the ECI5 technique would have to be auto-
mated to reliabily obtain the ai values listed in Table 1 in a production environment. It
may also be possible to use more sensitive probes in the case of the ECI technique in order
to obtain smaller 90/mean and 90/95 ai values. Increasing the eddy current probe sensitiv-
ity could, however, lead to a greater number of 'false calls'. In this demonstration
programme, the ECIS technique resulted in the maximum number of 'false calls' relative to
the other NDI techniques considered, Table 6.

The DFM analysis indicates that ailonges t and 90/mean ai criteria yield similar SII

values for a given NDI procedure, Table 2. On the other hand, USAF MIL-STD-1783 suggests
that, from a reliability point of view, the 90/95 ai criterion should be used for SII

calculations and this criterion is shown to reduce the SII values dramatically for all NDI
techniques, Table 2. It could, however, be argued that once an engine is disassembled at
inspection, the discs can be inspected as many times as deemed necessary to meet a specific
reliability requirement. Under these circumstances, therefore, the use of the 90/mean ai
criterion may prove to be a better choice since it would yield a longer SII value. Use of
the 90/mean ai criterion is feasible only if the inspection procedure is fully automated

because the inspection costs for a labour intensive technique could otherwise prove
uneconomical.

The DFM calculations also indicate that out of all NDI techniques, the ULW and ECIS*
techniques yield the largest SII values (2000 and 2300 fatigue cycles respectively), Table
2. However, depending upon the operational role of a military engine, a safe inspection
interval should typically be of the order of 4000 to 8000 cycles for the DTLP procedure to
be cost effective. These results therefore indicate that the DIN based SlIs may not prove
to be cost effective in the case of J85-CAN40 engines. In contrast, the PFM results in
Table 4 suggest that cost effective 511s can be obtained provided that either the ECIS or
the ULW techniques are used to inspect the discs. The large differences in the DFM and PFM

predicted SII values simply reflect the fact that the worst cane combination of ai and 4,
used in DFM calculations , did not occur during 7000 disc simulations in any PFM computer
run.

However, the PFM predicted SI values, listed in Table 4, should not be accepted at
face value. This is because the ai distributions used in the PFM calculations (Figure 18)

comprise of a large number of short cracks and, for simplicity, we have assumed that the
growth rate of the these short cracks can be depicted by the CT specimen data within the
Paris regime of crack growth. There is now increasing evidence to show that short crack
behaviour differs considerably from long crack behaviour and that evaluation of lifetimes

based on long crack data can be nonconservative especially at lower streases(
33
).

Therefore, the front end of the PFM computer programme used in the present analysis,
Fig. 16, would have to be modified to incorporate a short crack growth rate model instead
of the TTCI data base. Assuming that an appropriate analytical model along with a statis-
tically significant short crack growth rate data base are available to meet these require-
ments, an engineer is still faced with the dilemma of drawing a boundary condition between
the short and the long crack, i.e. when does a short crack begin to behave like a long
crack.

i
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Table 1: Comparison of ai values selected for use in DFM

calculations using different selection criteria.

ai values in mm
NDI
Technique longest at 90% POD at 90% POD from log-

crack from mean log- logistic curve with
missed logistic curve 95% confidence

LPI30 3.98 3.75 6.40

LP145 4.33 4.25 8.35

LPI60 3.70 (0.8) 3.45 6.20

ECI2 4.43 5.60 >10.00
ECI5 2.70 1.65 4.10
EC15* 1.27 (0.4) 1.25 1.75
ULW 1.48 (0.4) 1.85 2.90

*assuming that the 2.7 mm log crack missed by ECI5 was an operator

error.
) A guide for selecting ai values from MIL-STD-1783 prior to

in-service verification.

Table 2: Influence of the sensitivity and combined
sensitivity plus reliability of NDI
techniques on DFM based SII calculations.

SII in cycles using different a i selection
ND I

Technique alongest 90/mean ai  90/95 ai

LPI30 183 278 0

LP145 53 80 0
LPI6O 295 405 0
ECI2 20 0 0

ECIS 815 1773 135
ECI5* 2293 2285 1623
ULW 1973 1989 695

Assuming that the 2.7 mm long crack missed by ECI5 was an

operator error.

Table 3: Correlation between NDI estimated and SEM measured crack lengths for different
NDI techniques.

Regression analysis results for estimated Measured crack length in mm
versus measured crack lengths for an estimated crack

14I (ameasured = slopexaNDi
+ 

intercept) in mm. length of 0.8 mm.
Techingue

Mean Conditional
Line Mean Line Standard -95% +95%

Slope Intercept Deviation Mean confidence confidence

LPI30 0.470 1.460 1.05575 1.84 -0.23 +3.91

LP145 0.760 1.220 0.85384 1.83 -0.16 +3.50
LPI60 0.820 0.660 0.59043 1.32 +0.16 -2.48
ULW 0.990 -0.200 0.55908 0.59 -0.51 +1.69

-i
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Table 4: The PFM analysis results for 7000 simulations using a Weibull
distribution to calculate S11 at 0.1% F Nd -

No. of cracks Safe inspection Least squares
undetected upon interval in correlation

NDI using cycles upon using coefficient (r
2
)

Technique
95% 95% 95%

Mean confidence Mean confidence Mean confidence
POD POD POD POD POD POD

LPI30 6140 6787 1740 1871 0.95 0.94
LP145 5822 6721 1627 1584 0.95 0.94
LPI6O 4695 6069 2374 2282 0.96 0.94
ECI2 4929 6211 1554 1491 0.96 0.93
ECI5 1503 3066 4465 4615 0.87 0.89
ECI5* 1514 2326 4685 4768 0.87 0.87
ULW 3801 5620 3652 3580 0.92 0.91

Assuming that the 2.7 mm long crack missed by ECI5 was an operator error.

Table 5: The PFM analysis results for 7000 simulations using a log-normal
distribution to calculate SII at 0.1% F Nd -

No. of cracks Safe inspection Least squares
undetected upon interval in correlation

NDI using cycles upon using coefficient (r
2
)

Technique

95% 95% 95%Mean confidence Mean confidence Mean confidence
POD POD POD POD POD POD

LPI30 6140 6787 3397 3606 0.94 0.94
LPI45 5822 6721 3215 3175 0.93 0.93
LPI60 4695 6069 4139 4199 0.94 0.94
ECI2 4929 6211 3046 3052 0.94 0.91
ECI5 1503 3066 6961 7121 0.88 0.89
ECI5* 1514 2326 7235 7321 0.87 0.88
ULW 3801 5620 5846 5893 0.92 0.93

Assuming that the 2.7 mm long crack missed by ECI5 was an operator error.

Table 6: The 'Zalse calla' data for all NDI techniques.

NDI % false calls
no. of nonexistent cracks detected

Technique = Total no. of cracks present

LP130 0.9
LP145 0.0
LPI60 0.6
EC12 0.9
ECI5 2.4
ULW 0.6

+.
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Fig. 1. Schematic representation of the
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prediction methodology for discs
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predict a safe inspection interval.

0 0 0 0

Fig. 2. Orientation of the compact tension
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J85-CAN40 5th stage compressor
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Fig. 4. A photograph of the 5th stage
compressor disc showing 40 tie
bolt holes.
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Fig. 5. Destructive procedures followed for prying the cracks open andmeasuring the crack lengths: (a) a typical bolt hole coupon; (b) acoupon with a V-notch prior to fracturing the specimen through thecrack; (c) a typical example of a crack front, ar.d; (d) an example of
multiple crack initiation sites.

",, a m m I ~ ll ~



4-16

001

0. 10 20 30 10 60 0

tI toss

Fig. 6. Scanning electron micrograph Fig. 7. Three dimensional finiteshowing the typical thumbnail element analysis results forprofile of a crack that was the 5th stage compressor discmiaaed by all NDI techniques. showing stress intensity range
varying as a function of crack
length. (Ref. 25).
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Fig. 17. The LCF cycles to crack initiation
distribution for the 5th stage
compressor discs. (Ref. 6.)
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Fig. 21. The PFM based Nd data for the LP160 technique using the lower 95%
confidence bound to generate the POD data and the undetected crack size
d isatribution to size the missed cracks: (a) Weibull analysis results,
and; (b) Log-normal analysis results.
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distribution to size the missed cracks: (a) Weibull analysis results,
and; (b) Log-normal analysis results.
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Fig. 23. The PFM based Nd data for the ECI5* technique using the lower 95%
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distribution to size the missed cracks: (a) Weibull analysis results,
and; (b) Log-normal analysis results.
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1. INTRODUCTION

Los contralo non deotructifo $Ont at deurtOot oin don factOurs ddteruinants do Is quslit6
ot do 1& sdcurit6 des turbomschises edronautiques.

Ii out ddsoraais unanimemant &atai quo Ilintdgritt structural. do cellos-cl dolt Wte assurdo
en tenant compte do Is prdsonc* dvsstuello do ddteuts de fabrication ou donadomagesnts en
service reatant does des limitos "dflutes 'acceptableas. qui tendent & devoure do plus en
plus foibles en valour at en toidranc* do dispersion. L'absence do dWants internee ou
suporficiels supdriours & coo liaites odcessite If alse on oouvre do contrftles non
dootructifo do plus on plus off icates at fiablos.

Pour sailioror 1Vefficacit6 ot Ia fiebilitd due eontr81es non dootructifo, quel quo molt ts
Principe physique exploitd, ii *ot Indispensable do lea structurer cur Is base d'un.
Organisation en phases 616motaires qui #ont pr~montes dons tous lea Cso.

Lo schda do Principe do la figure I prdsente do anilre synoptique l'organisation do cam
phases 6ldantairos.

Jusqu'i un pased r~cent. ce typo do procossus do fonctionnouont dun contrhle non destruct if
Gtait considdr6 do manubre global.. It 6tait admim quo 1. rdsultst du contr~ls felt fluctuant
et quo I'6valuation des ddf outs demwur. qualitative ou semi quantitative.

Los beaoing nouvesul en caractdrisetion quantitative des d~fauts ainsi quen fiabilil do
ditoction justif lent les actions do progris qui soot maintenant men6os do manure sp6cifique,
ou straeu do cheque phase du processus rolatit A cheque Principe physique osplolt6.
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2.1. Gdndration do 116nerule dlexcitation

2.1.1. Principos commins_4_ lonsomble des techniques

Pour Ia plupart des techniques CUD appliquies. lnergie d'excitstion est glnirle par
transformation d'uno dnorgie do sollieitation priasire WAorgie do sollicitation dun 616ment
piizollectriquot par example) .11.-elom Issue d'un courant Alectrique d'alimentatIOn (sectmur).

Los sources d'anergies d'excitation proproment dites (rsyonneeent 6lectroemsgnitique,
vibrations US, Conrsnts do Foucault) soot glnlralemmnt dlfinies par lea caract~ristiques
essontiolles muiates

-dimensions tponctuelle 6tendue,
-form du faiseeso do radiation Wei: divergent. parrallo n convergent
I*1 typo dd60ission continu ou impulaionnel.

- lstenslt6.
- 1 frlquence tomporelle do If source n spetiale du fsisceau 6as.

Cortaisos do con caractlristiques sont dlfinies par construction, d'autres ejustahlos par
rdglages manuals at plus ricesswat par commands sutomatique progrsme des 6norgies de
sollicitation primaires.

Los exigences do performances ot de qualitls des sources seat sane caese croissants$
fonction de transfert, prlcision des rlglages. stehilit6 de fonctionnoment. insensibilitl
1 onvironnoent.

Los bosolus prlvisibles i court terms nlcessitont dos ddvsloppeeento dent quolgues soe"es
st donl ci-aprls
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2.1.2. Traductours ultraosorrs

Los traductours appliquent 1* principo do le pi6sol~ctrieiA rdvorsible.

2.1.2.1. Amortissament do 11lduont vibrant

IA sensibilitA d'un traductaur soliicitil per Impulsions crolt aoe I& niveau dbaorgis 6miss.
So r6solution eat mains boost loraque It durdo do vibration do l16ldmsnt vibrant eat plus
longue. Actuellomeat. l'amortissaesnt do Is vibration do Is taramiqus sot rdalisdo en
changat sa fae arribrs (Backing) co qui rddult idneorgi as done £0 sensibilita.

Du fait des fortes ruptures diopLanace sotro milieux successifa (tdrenique, couplage, pl~ce.
drafut) travers~s dens fois (contr~le par M~lison). I* signal do d~faut rocuollli par I&
c~rsmiquo ropr~sonto une foible part do 116norgis Was (Fig. 2).

One 6tuds r~cento * a Montril qu'uno solutiont i to problm principal do rupture d'Iepdance
ontre cdcomiquo at milieu do couple&* consistoit & utiliser des couches dledaptation
d'inpdanco entro teo deux milieux do ani~vrs a mortir lea vibrations do Ia c~ramique par sa
fate avant, augmenter l'6norgie &miss. done oanlloror slmultonimont Is aensIiit do
d~toction et do r~solution do troductour. Ladaptation do Vimpdanco 6loctrique dosntrio t
ausoi un facteor A cossid~ror.

Lee modbles r~allsds dana I. cadres do cotta 6tudo oat 6t6 valid~s exphrimentalamat. leurs
pris on compto par lee fobricants do trsductour detrrot aboutir I Is foaction do bonde
pasants 1a plus large possible done & un progr~s sensible dams Ilofficacitil dos contr~les
ultrasons (figure 3).

2.1.2.2. Caractdristiques acoustiqus du faisceau

La assure do Is presalon acoustique en diff~rents points d'un faiscoam oltrasonore at is
trac6 des isobares pernottent den ddtinir Is form. La sonsibili.A maximal. do d~toction des
ddtauts so situ* dena Is zone od) Is pression acoustiquo eat mazimalo. Cott* zone
habituollement contr6* our lasa longitudinal du faisceoo constitUe Ia tathe focal* loroquil
oat focalisA, so distance noatno1. par rapport au traductour 6tant g~ngraleoent ddtinio dans
1 *eon.

Lorsqu'un faisco focalisA traverse perpondiculairement un dioptro plan (ailieo do
couplage-mat~riaoz i contrdber) I& distance focal. oat aodifido per offot do r~fraction
(incidence oblique des rayons V41cartant do laro en toisceau) sais 10 tacbo focale rest*
approximtivemeat symdtrique. Loraque is gbombtrie du dioptre deviant une surface cylindrique
(contr~le do barres ou do fond dolvw~olas. etc.) Is sys~trie t~omatrique du volume do I4
tech& locale eat d~truite daoutaint plus quo Ie rayon du cylindre eat faiblo. On consate one
augmentation do diamitre do Ia tache focale et do s profondeur dons Is plan perpendiculaire
& colui compronoant Ia g~niratrico do cylindre. Cette d~focalisation entralno une porte de
sonsibilitA do d~tection.

Pour lea contrdiea A haute performance, il oat nbcessaire do corriger cetto aberration
gdoobtrique. Cotte correction oat aintonant possible en utilisant des 616menta de
focalisation do form. bifocals. Lea goins contstat~s en sontsibilitA do d~tection soot

s gnificatits 

(Fit. 
4 

ot 5).

lea rocherches scientifiques dena I. donaine do Ua physique des traducteurs soot d~sormais
bien active$'

-lea progr~s seront d'outoot plus saremont ot repidoment r6alls6s quo lea bosoins seront
plus rigoorousomont d~finisaet quo les fabricants do chalnos do mase. oltrosonores et de
traducteora coordonoront loura efforts.

2.1.3. Sondes & Courants de Foucault

Le d~toction des d~fouts do surfoce ou sous-jacents par Coursats do Foucault repose our
1 induction 6lectromagndtique. Lerciltation eat g~n~rde par une bobino filiffintde par un
courant altornotif. On assure lmp~dance do 1s bobine qui eat no0difi~e par Is proximit6 do
Is surface do Is pl6ce at lea variations de cotto prosimit# liaes A

v Universit6 do tethnologie do Compligne.
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-des imprlioas do d6lcomat do **ad* par repport & surface.
-Is nicrog6*mltrie do surface. Is prlsence do traces do chocs.
-lee variations locales do caractdristiques 6lectrques ow maga6tiques.
- iestobilitil an templrature.
Is prdsence do* criquos. inclusions.... A dltecter.

Lorsque Is frdquasco du courant d'slimatation do In bobiso set augmotie. Is pluitration do
leacitatoa ddcroit malt I& deasitik do Courasts de Foucault de surface croit.
Si Ia goodo *st constitude dan. simple bobise, at quo I& friquoe* e t Ansdaptle, los
anoalies de8 4. premiers points 6mmm~cs ci-dosw paeanet donate des indications plus
important" et o Wandfets A "lteeter (Gersier point).
Ait& dlaccroltre lofficacitl des costrlles per Courants do Foucault. lea n"Allocations dlii
rllodos ow on comes portent swr

- I& focalisation du chemp 4 excitation qui accrolt In sessibilit& do dltection at Is
rlnolution latlralm.

- In division des bobines en deux parties levec ow seat blindage intercalatre*) &fin
dmAdlioror encore In focalisation.

- Ilutilisation do des bobises montiles en opposition atma d"Adliorer Ia stabilit4 en
tewpdraturo per compensatios do Ileffet do sea variations. Ce montage et aussi favorable
pour l'utiliatios do champs maganltiquen plus intenss.

- 1. balayags an frlquence (projection mulitrlquenco ow multiparntres) qwi poemt une
optimisation do In mossibilit6 do dltectias cur une profoodeur plus 6tendue. s woemilinure
discrimination entre perturbations parasites ot cellos i pradre em compte.

- lexcitation pulade glndrlo par dec impultions A large bonds d'w. spectre do frlquonco
contiow.
Leamplitude dw signal oat 6valu6* on fonction 4w temps (similitude &woc llchbogrnphie
wltrasonoro?. Cott* aithode encore aw ntode don 6tudes favorisorait ooe haute sonsibilit6
do ddtection. woe rlcolutiok mdliorle &ast quwane bonne fiabilit6. ILe progrls sernt
pnrticullbromaat snsible am nivoaw do in prlsion do macurn

*do in protoodeur des dlfauts,
*des 6paisaura notemat lorsquealles soot inflriesres & 0O5 mo.

2.1.4. G~ndrateurs do rayons I

La courbe carectlristiqun duo film rediogrophique at trnc~e & pertic do in relation entre
is logarithm do lezposition et In densitl optique dw film. 11 oct door nlcossaire 4. bin
deterainer los velours d'e position. ce qui Wast pas courant at ncore difficilo.

Aft do connaltre at optimise lns caractlrictiques d'une irradiation logo* dun gldratour
do rayons . lec parsaitrea essentials & prondre on compte soot leg swivants

- valour do Ia haute tension,
- spectre d'doiosion.
- rdpartition anguliir do in fluence des photons dens is faiscoau utile.
- dimnsion dw foyer.

La valour do Ia haute tension tct glnlrniomeot Inaccessible directement. Co*st plutbt Is
reproductibiii en fonction des Miesa on service successions at do vioiliissoment qui *st
actuellemost considlrde. L16cart do Ia valour de Ia haute tension pout atteindro

- quolques %. pour des glnlrnteurs *sciens & rlglagos analogiquos.
- mleu qo 1 S pour des gdndrstours plus ricots A comand* nwafiriquo. 0.05 S pour leg
smlleurs.

Con rlaultnto rlvilest us progrbs sensible dose l'awlloration do In reproductibilit6 des
veleurs do haute tension proprec i chacun den &sl~ratewrs ricents.

Cepoodant, labsonce do rlfilrence commene induit us doute certain dant l~valustios des
Acarts entre apparoiliagos.

Itast donnA o* In tension d'accdidration (Mi) ddtermine 1l6nergia des photons ot les
coefficients d'absorption nssocls. dos 6carts d'exposition tooslcutits A cows de I* iNT soot
donnls ci-spris A titro Indicutif.

SCARTS DOn VALRURS D9 Hf? BCAITS DISIPOITIOUIS
SA a SOII DI LIASSOKBWI

4 4

2 a a is

5 20 1 40

Linfluenco des 6certs pout donc Wte Importns.
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A eter encore que

- Is sensiblit# Wane 6Imullom $hotographigue eat Maleta d'un facteur 20 loraque linsorgia
des photons crolt de 40 1 20" MeY.

- 1 irradiation d'un tube Re warle, d'un facteur 2 loraque li6paisseur do tiltre interne werie
Ge 0.4 A 0.7 M. variation sctors accantude 51 le spectre contiont beauicoup do photons do
bass inerg.

11 paralt dome nicessaire, Gavoir des tolirantess plus shires pour ldApalsseur des filtres
propren sux tubes at une milleure connaissance de8 spectre* di6mission particulliremet
pour I. contr~le des 6palaseurs at mesmes volusiques faibles (composites).

- La form at lorientation relative anode cathode pout avoir une Influence sensible nor 11A
ripartitiom des fluencee (demelt# Ge flux) des photons dems 1t faiseeao utile d'un
ginirateur Go rayons 1. Li6cart pout atteladre 75 %. entre Is zone des valours maximal., et
cellos des velours sinineles sur des apparells comweillsdo.

- a signaler enfin lintirilt Ges gindrateurs 6 microfolor pour leadlioration do Is
senalbilit6 do ditoction des petits Wiaste (alcroporositis). Los tensions d'acciliration
at Gibits encore foibles limitent ilemplol aut plces d'6psisseur 00 do msos wolumique
foible. male des progrbs soot on coors a!in d'6tendre In champ Wapplicstiom motawat dans
ie domaino des Re tomips riel.

goot venons de souligner qu'am contrble par It la plupart des tcrctiristiques ns peuvent
btre Girectament mesurice. LAS conditions do fonetionnoment des proceesus sent giniralment
6valudes Ge manibre globale, i laide GIlQI (indicatwur Ge qualit6 Viages). ianst constat6
com beaucoup d'autres. Is silectiuit6 insuffisante do ces lQI. I& SMRaIA per exemple, a
rialixi at 6valu6 on Indicateur do sensibiliti Ge Gitection beaucoop plus silectif (figor.
20).

gn risumfi des progris soot en cours (stabilit KiT). d'autres sont nicessairee (apectres
ddeissions. ripartitlon Ge Ia fluence). La presslon Ges bososn sera sase Gote oin ilimant
meteor. me serait-ce quo dams I. domina, des applications en tonodensitom~trie.

2.2. Perturbation

La propagation Goune Gnergie dams on milieu doni st "porturbde" par Ia prisenc*
d'htdroginiitis 6ventuelloment prisentes so soin do ce milieu (absorption, diffusion.
Misseion. diffraction... ).

Le prdsenco d'une puce A tontriler dams ce milieo reeplit 6videmaent ceo conditions.

A I& perturbation per 2a pike so superposat:

- une pertorbation par on ditaut 4 ditecter situd on surface 00 s0 sets Ge I& plces
- leanvironnoment Ge It pl6ce & contrilor et celui Go difaut i Gitecter en surface oo ao moin
Ge l'objet qol constituent one aotre cause do pertorbation Ge lIneortie rerue par Ie
capteur (Fig. 6).

Done I* but Ge no prendre en compte qua les informations significatives do Ia prisence Ge
Gifauts i Gitecter et Ge lee optliser. 11 est nicesnaire Ge procider k one Otude prialable
et & one difinition rigoureuse des conditions Ge contrble. part Icul idraent lorsque los
performance$ & atteindre sent 61ei60n (quantifier des petits GWaste Go manubre
reproductible).

A lorigine. los difinitions dg, proceson Go CMD pour applications industrielles #talent
rechercbbos par one approche, presqu'exclusivement ezpirimemtale longue at cofiteuse condoinant
A one solution parfois 6loignie de l1optimm dans les cas Gift icilen.

Depuis 1960 environ, lee nouvelles exigences Ges clients, Ia pression Ge I& concurrence.
laectroissement do sdcuritd ndcessaire dens certain$ secteors Industrials (nucldslre,
automobile. adroneutique) ont imposd quo les mithoden expirimentalen selent compldtdes par
des approchos analytiques ;Gas spitialistes sent apparus. den lal3orstoires spicielishe Gene
li6tude do CMD (amoblis en ETM) ot 4tt cr466 et les END sent devenos une technelogie & part
entibre.

La mitbode analtique ndcensite encore Ge nombreux essats soovent I Voids Ge plusleurs
appareile at diverses "sondes* 16metteur captor) et dens toot le ca Go noebreux
Gchantlllons G'essais. Au coors Go cos dernibres aones. la recbercbe Ge solutions par
moddlisation des processus 1M1 a fait son apparition d'abord dems lea Isboratoires
universitairen puis dens ceux de lnduntrie. La diroulew nt Ges procesos possible,
dinspoton sont reprdsentds par burn modiles physiques formul~s par des 6qustions
introduites dans des progrsiees Inforsiatiquen qol Ios traitent.

Sons scoir 41 rdellser de sondes prototypes onireuses, Gi6prouotten reprisentatives awee
Gifauts artificlels. Geneis ridls. cos modbles permettent

doG pridire *I uno solution imaginie pour risoudre on problbee Ge CND sera valable,
do Geomparer len risultats Ge solutions diffirentes.

-do rinoodre des caa Ge matiux Gifficiles. Ge giomitries complexes Impossible & traiter
par mithode anslltique.



La solution retonos doit bion 6widamment 6tre validi. expirimentalment, Rate comparativaent
aux approchas pricidonts. les riductions do cofits at dulals poovot Wer trio importantes
pour aboutir & use solution do problias plus parformat done Is pliapart des cas.

La divoloppamni des outils mathimatiques at ayone isformatiques adaptis. l'axtonsion en
coors do champ do. applicatloas (Coursts do Foocaolt-Ultrsons-Bagnitoscopis-Thormogrhio
istrarooge) maimast A considiror quo 1& modiiisatin .athdaatiqu* des techniques CUD set
Maistosaat us outil r6ol at salable qui *or& do plus on plus largsaont otiliad does 1. futur
(examples d'applications, (Fig. 7 at a).

2.3. ndvilatios

2.3.1. Analyse per capteurs

2.3.1.1. Objectif

L'objectif oat do ditecter dos difauts at do la caractiriser on nombre at raspoctiveoent on
nature, form, dimension, position. orientation at relation d'interface dons 1. volume
coatrdld.

Solon Ia technique at ld6tat do lart, 1s captour riagit do manure plus ou mins fidile per
des *signaux' porteurs dlinformations spicifiques do difaots situds:

- on surface (visual. ressuage. magnitoscopie, Ultrasons, Courant$ do Foucault. Rayons X ... )
- so voisinage issudiot do ia surface (fagnitoscopis. Courants do Foucault).
- dans I* volume

sans Information do profondeur (Rayons 1. Thermographis IR classique).
avoc Information do profodor (Ultrasons. Thermagraphie II en cours di6volotion).

Solon so nature. Is capteur Alimentsire pout riagir do manibre quasi instacktania 4 des
information# d'origine

- ponctoolle (Cdf).
-lin6airo dons Ia direction do sondag* (US).

- surfacique (photographie do surfaces. coobras vidio. CCD).
- voluaiquo (films Ni. N. temps r~ol, camirs 1e).

Par diplaceat relatif capteur/piice i contrilor. done par baloyage linisiro et
juxtaposition des lignes de balayage. i1 eat possible de passer doune information:

- ponctuolle A ne Information liniaire dons Ia direction du balayage puis surfacique (Cdf).
- lindaire dons la direction du sondage & one Information volumique (US). (Voir Fig. 9).

Pour ditecter at caractiriser automatiquement lea difauts. i1 eat actuelloment Indispensable
quAi chaque point (pixel) de 1& surface ou du volume de l'objot A contr~ler, talent affeties
les grandours physiques qui 1* caractdrisent. 11 Vagit do 1& fnaction ANALYSE rislisi. par
1s capteur.

Btant don quo cee grandeurs physiques ant do valour significative quo per comparaison
ve cellos des points voisins. consid~rds i plus ou mains longue distance, cotta comparaison

ou syathise sara 1n risultat d'une action complimontsire distinct. situdo au nivoau do 16
fonction traitemnt do signaus.

go rdsum6, Is dimrche ost donc

- do proc~dor 6 uno ANALYSE par 1* capteur de la surface ou du volume A contr~lor (grandeur$
physiques spicifiques do chaque pixel),

- do rialiser Ia SYIITIESE des risultats pricidents par cooparaison et Atablissamont des
relations entre grandeurs physiques des pixels plus ou mains proches.

2.3.1.2. Lea coptours

La ditoction visuelle des indications do difauts et l'interpritation des risultats par des
opirateurs diffirents Induit on fluctuation done Ilefficaciti des contrbles qui. si ella
dtait &ais*on0 subie jusqu'A prdmsnt. deviant iniaccoptable pour lea applications futures.
L'6volution soriente donc vera Is gdnirslisotion do llutilisation do capteurs au soas
physique du terme, coest-A-dire dappareils transformnst one 6nergia do nature quelconque en
XU33611-RLECXROIM. Cett* 6nargie doit. dans certain* cob. 11tre adaptioam0 domains do
sensibilit6 do captour utilis& par laction prialable dun traductour qui transforme 1s
grandeur physique do sortie adaptdo 00 domino, do sensibilisstiom do captaur.

Pour courrir lensoablo de bosolas on CED, Is nature physique des excitations sagen* Joe
sont divergs (thormique, vibratoire. capillarittd mgnitique, dlectramagadtique... ). La
tableau I riv~le copoadant qulactuellemanat, cest Vitraction reaaent
Alectromagndtique/captour qul set Ia plus atilisie et 411i tead a so gimdraliser 00 A so
divolopper.
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Cott* 6volution convergeat were l'utilisotion do capteurs sensiblea A Is ddtectiO* d'un foul
type d'6%ergie prdsente des avastegel d~cisiCI

- dopuis Kulgsa (1629-169S). Is conatisseace do In physique du raponnesoat dlectromagnitiqu*
Get I 've* dos plus sanc6es at progress. coastsommot.

- lee aystms de *mseipuat)05 do cen raynmnnts lst en constant d"veloppornnt at lea
techniques do fabrication correspondantes bio. maltris~es (optique g~omdtriquo do
prdcision. intereromitres. laaer. systme optodlectrosiquos int~gris, fibres optiques ... )

- lee eapteurs optodlectroniques sultiilduento (barrettes. matrices) constituent une
interface particulllroment blen adapt~e aus syst~es d'acquisitlon et do traltements
daaftlyss at do synth~se.

La figure 1 mantra quo, quell* quo &*it Is technique de controls appliqudo. Is princip. do
processus et l'objectlf sont identiques.

Cott* unit* coastituo o* situation favorable et il serait dis & pr~ent opportun de choisir
us vole. deflair lee noyens adapt~a & cells-el, I eanaliser lee efforts do crdativitd. I
concontror les applications. lea lovestssmnts do manubre i acc~l~rer Is progris, redire
lea cofits at eat in favoriser sans difficult&$ I& standardisation et Ia normalisation.

2.3.2. Synthise

2.3.2.1. Los troltements de signaus

Com Indiqu6 pr~c~demment et consid~rdo do manibre simplifide. lanalyse aboutit A
llenregiatromat dune rdpartition dent un plan (20) ou dans un volume (3D) des velours do
grandours physiques masurhes point par point.

La synthiso *at I* risoltat dun. comparaison des grandeors ponctuelles &wee cellos des
points wattlns cohsidiris A plus ou solns longue distance. 911e suppose quo Ise valoes
mUmorlses pour cheque point soot ropriseatatives dos points objets correspondents (Signal 2D
oo 3D homothitique de l'objet).

Bn felt, iI an aet rion. at Mae dens Viypothise o6 toutes les phases anthrieuros ont Wt
rhalisies correctemet. les signaus 'significatifs' enregistrds soot altirds per do noebreus
phino.&nes physiques rhols min considiris come parasites ot ayant pour origin*e

- Is captsur (p coepris barrettes et matrices) :sensibilith, riponse spoctrale. linharit6 du
gain (si auplificateur). stabilit6, ceractdnistiques temporelles. bruit 6lactronique

- I& puce I contrilor, Is difsut A ditector at lour onvironneumat
variation d16paissour. pronimiti 46faut surfaces linites. effete dsabsorption. diffusion,
r~frection. diffraction. rdflozion...

Deautre part. i quolques exceptions pris uno roprisentetf on on *nivoauz do gris' do Is
r~partition 2D 3D des grandeurs physiques mesur~os no pormat pas un. extraction directs des
"objets" (difauts) i analyser. Une uamlloration et one simplification prialable dolt ftre
rielislo afin d'aboutir A one roprdsoatation binalro des risultats. 11 est sussi ahcessairo
do rielisar une ridoction dos effete parasites. une optiaisation des contraltos et do Ia
risolution.

Sans ontror doe I* detail dos nUthodos de traitemest, rappolons coendant les doux
principauxt types do traitemant

Isl filtraga teporal,
-Is filtrage spatial.

Dana 1s filtrage temporal. 1t sommation de V acquiaition Coune nme zone (capteur fire)
ontraloe un kcart d'amlification das Indications aignificatives (stables) par rapport aux
Indications aliatoiros (bruit) d'autant plus Important que 5 alt 6lev6.

Le nivaau do contralto souhett d6teriae 1s I ndcossaire donc la durne do ILnt~gration.
Cost In soul* mitbode qui salioro 1* contralto mss sltiror I& difinition.

La cons~quence industrielle a priori pinalisanto dss tomps d'intigration tend A so riduire en
stilisant des multicapteurs (barrettes, matrices) & chaque fois qua Ia tochniquo do control*
1e parent. Parell~laeant. lea fabricanta do captours chorchont I optielsor Is vitesso
dacquisition atfin d'aceroltr* I* sombre d'int~grationa on durde constants.

In rialitd, lasmlloration do rapport signal our bruit no soffit pas A readre significativo
Ia grandeur physique mason. eon cheque point.

La zone daction efficace du capteur nlitant pas rigourousoaaat ponctuelle, ell* preud enasi
on compto lafluonco des points volins. Le tiltrage spatial dunse "image" iat~gr6o at
monisi. permat Vemflloretion do se diflitia d'aboutir A sea clasification des objeta
ot gdsidraloaost A a"o coepara A des riftronces pour dicisicas.
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Los priscipaus types do filtros spatioux soot

- 1os filtros limatares ou no& (61iminatiom bruit do tood),
- lee filtres morphologiquos (simplification do I& form des objets).

L'opiration final, do souillage transforms uso imae on niveaux do gris (our a bits) on image
biosir* (our 1 bit).

L'accrojasomot dos bosolas pauss lee therthoura I imaginor do nouvellos mitbodes do
reconnaissance do forams plus puissantos mais sussi trim consomatrices do tos do calcul to
qu sat contrairs I lobjectif tomps riol.

Atma do risoudro to diloame, Vivolution on tours toad It

- cr&or des systimoss spicialisis an marge des caleulateurs at do lVinformatique classiquo,
- acciliror los logiciels dapplication on les affoctat It des unitis do calcul rapid*
utilisant des componants iletrosiques sp~ciaus microprogroms.

- trior des primitives microprogroemios puissantos do reconnaissance do form ot to, plum
partituliiromest pour Is morphologit mtbiatiqoe.

1Ls synoptique dun systbms suae ot don par Is figure 10).

-concovoir des Interfaces 6loetroniguos spicifiquos pour les captours tar l*$ progria
possiblas an traitamant dli*Agos* soot dipondent do ladaptation respective des
technologies des captaurs at calculateurs. L'intrdipondance sat diii essontiollo pour des
applitations mdieales tWise I& Tomographis 1. 1. Scanner infrarougo, los sond*s ioniques
at les amalysours A ultrasons.

Des exaples plus tontrots d'interdipondanco (ot d'intigration) captour traitement mont
done&$ ci-apris.

2.3.2.2. Captaurs lntolligonts

Do Ilintordipondanco forte ontro taptours at systiAms do traitemont. 1. setour aildicol eat
&116 plus awant dana 1s miniaturisation at lntgration *n placant our 1s agme pIuce Ia
captaur at une iloctroniquo intigria comportant en particulier to aicroprocessour at des
mdmoiros.

Cos capteurs intelligents prisentont la &astages suivants

-amilioration du rapport signal cur bruit par adaptation d'impdanch at aplification,
-pritraitoenat du signal :compensation en topraturo at en variation d'alimeatation,
reeiss A ziro auto*Atiquo, filtrago des aignous parasites at correction do non liniarit6,
-traitomat du signal, codage at modulation dos signaux do sortie. mojennage pour extraira
Is signal do bruit, redondanto at alarms intigries signalant les difauts do capteurs.

-logique do dicision tendanco d'un signal at corrilotion ontre plusleurs signaux. talculs
multiparamnitres. reconnaissance d'un signal at rijection.
-riduttion do tonsomastion.

Leo applications nidicales soot multiples notamment cellos qut ndcassitent on "Monitoraga
ambulatoira'.

D'une manure giniralo. Ilndustrie at plus particuliireaent lindustrie aironautique A Gusi
ce typo do bosomos A satisfaire en contril* In situ d'aironefs en cours d'utilisation. Plus
directoasat. lea avantagos cntis prtidoment. associis as capteurm Intelligents, apportent
tons une riponso &us quostions qui pour leassentiol reatent posies dens notre secteur
d'application. Un simplo effort do transfert do technologie eot A fairs.

2.3.2.3. Sondes Intohirontos

Autre ris ul tat do Ia liaison torte entre capteurs at systisas do traitement, lanslyso
spettral* dun itho ultrasonoro se fait sur 1* bruit ichographiquo du milieu multidiffuseur
(spackle atoustique).

C. bruit

- risulto do linterface entre tons les ithos 6limuntairos situio dens la tallule do
risolutiona (sourte* induites dens l'objot per Ia chap incident).

- eupiche do diatinguor dos structures apitulairas do foible contrasts dens des milieux
diffuseurs (fissures dens lee actors It gron grates).

L'anallso spectralo do to bruit dens uno porte teuporeilo donne dos allures do spectre tris
ciaheties.

Aftn d'obtenir des apetres plus lisis do coo milieux. on otfottue jusqu'l prisont un
moyeonnge spatial sur do nombreux "tirs* ultrasonoros dicor*llis IN Positions dicor*llies)
4d61 perts do risolution apatlale.

Plus ricomat. atm d'ougenter Is nombre d'Informations ddtor*llies pour une position
donlo~ de Ia scud.. des assais out it& rialisi Volids do mondes



- nnuilires (6 ennocux) :un diplacoment do soados sur onvirom 20 positios itant encore
sicessaire.

-multi-616ments (36) :technique trig lourdo do feit do Ia connortiqo. & divolopper.

One solution trio promatteusa *a coors di6tude consist* A intercoer des I* faisroea do.n
sol tradoctour us icras do phase aliatoiro mis an rotatioa rapids.

Au coors do diplacomonat do dicobdrsur, on. sie do tire oltresonoros est effortude. Pour
cheque position do dicohirour lea relations do phases aetra 6irhos do& diffirents diffusours
soot modif ides.

- Le signal ichographique risultant prisente des minim aSt does maxima. fonctions do is
position du dirohireur dones Is signal.

- On 6tudis I& moyonno des onvoloppos ichiogrophiques et des doasitie spectral*$ do puissanre
(figure 21).

Lepplication do retto dorlire sitbode so roatrilo ultrasomore dos milieux diffusours
pormottra lasccis A des informetions intinossentes ea sipaeat lee irhos spiculaires do bruit
do speckle 6chognaphique.

3. V IVOLUTIOU 9T ADAPTATION DES CRTlaS

3.1. Stet actual

Arutelloment, los critires limitos deccoptation on CMD soot difinis do menlire apirifiqoo
doe cheque typo d'industrio (airoonotique. eutomobilo. nuclisire ... ) eo function

-Do typo do Pikce - produits. deal produits, pureeg.

Des matirisus mitelliques, ciramiques. composites organiquos.

-Du mode d'6laborstion. pibcos forgies. coulies, Ni6tellurgia des Poudres.

-Do @tade d'applicetion -cootrble opdrifiquo des phases critiques do
fabrication, usinage per rectification. soudage,
traitomot thormique ou do surface ... ot piaces
finios.

-Contr~l. apris utilisation

- maintenance

- lliparst ion

-Des mithodas do contr~l. appliquie visuolles. loosuago, Nagnitoscopie. Ultrasons,
Radiognaphie 1.

-Do type do difout chorch6 - opect, criquos. porositis. inclusions,
sigrigations.

-Des nithodes do comperalson -systimes aver souils automatiques (ultrasons,
difaut/seuil limit* d'arroptation Courants do Foucault). intorpritation visuollo

(humaine) d'uo risultat global.

Dens co contexts, los critbres difinisnt lea difauts soot trig divers et ds certain$ cgs
Is romplexit6 deapplication entrains dos incertitudos our lesfficeciti do lour application.

Le tableau synoptique n' 11 prisente. & titre indiretif. loosomble des stados d'appliretion
des CUD relatife & Ia fabrication ot & lexploltation d'un motour d'eviation.

Do manlure syothitique, ls difinition actuelle at 1 application dos critires pouvent Atre
considirios corne prisontios ci-apris

- DWfanto individuals auantifli salon

Uno grandeur qui insure diroctomoent loa reractiristiques do difaut :longuoun surface
orientation position enparainnt entro doux dWauts (exmle :criquos. ravitie,
inclusions prisontos on surface do place at ivelues on examec. visual ave side optique
I* rae ichient).

Uoe grandour indirectomsnt 116e ou rarartiriotiquos do dWfat ;amplitudo-temps
(ultrasons. Coucents do Foucault).

- Wiants non quantifiable@ ladividuellamont

11 elagit do, difauts dont I* reprisetiton eat compiexo at pour losquels I&
cractinisatiom individusol eat visuolment impossible oasnon rialisablo
industniellsmonat.



L'dwaluatioa eat fait* **it

- Directmet par rapport A des classes d'dchantilloas types,

- lndirectemst per rapport A des documnts do rdfdrence (rdpliques, pkoto~raphies.

clicbds radiographiques type A M I.

3.2. Lsolotios at jdantation

L'6volution des CUD vers I. tout automtique a oubondrii mn volution sensible des myens au
cours des dernibros anodes aso ns do ilacquisition at du traitmet des signams

- Utilation plus tL~questo des captors wssibles ou rayonnemots louisants (voir tableau
1),

- Systbms do tratomota puiasata at rapid*# (proches du toe.. rdol),
- Algorithms do traitomnt 6moluda A & is sol. do traitor la majeuro partie des cas

Industrials conrents a. mains an to qui concern* l'aptitude A isolor at A caract~riser Is
form des "objets" significatifa (d~tauta) tout on Aliminant 00 on r~duisant actuallement A
on niveou proche do llacceptable Is priso en compto des sartfacts (ftnes alarms,).

La nombre d'applications industrielles Bat encore lhaiti et il a it* tesa dans la plupart
dog cao d'appliquor truce plus ou mains do sceds les enitbres hllo~ts d'sceptetion
initialsmsnt difinis poor des conditions do diagnostic et do $action elassique.

Atma d'optimiser los nouvolles posibilitis. one remiss an cause do 1. difinition des
tritbros oat nicessairo at poast possiblo par one approche plus synth~tiqu. des problbms
posis.

Le tableau 2 pnisente aussi

- let diffironts types do d~fauts recherch~s out diff~rents stades do contr~le,
- loo grandam classos do form typo do# ditouts eherchis.

Co tableau de synths rivile quo leonsomble des principaux difauts classiquos connus
reteorchis out diff~ronts stados do 1* fabrication des plicesaot do Is maintonance oo do In
riparation do machines rontrent dons 4 classes do form do difauts dont

-ponctuola

-linisirs (tiliforms)
-surfaciques (20)
-volumiquos (3D)

Solon In masure dont cos difauta sont roprdsents our In plan d'anolyso. is synthise pout
consister on l'eitraction at Is quantification do lignes 00 do surfaces do giombtriss plus n
mons complex*$.

Considiris indiuiduellemant. lot objets pouvent Wte ddfinis par tout ou parti. do loensomblo
des caractiriatiqoes g~omeitriques possible$ (fig. 11)

dont pour lessentiel

- actour do form (identification difaut plans).
-bsrycentra.

-surface,

-pinimitre.

-orientation.

-position,

-etc.

Prig dens lor ensemble at les uns par rapport aut autres, la d~fauts peuvent Wer
considiri. on:

- fore total.
- nombre per uniti do surface (dwnaiti),
- distance ontre barycontros de 2 prochos voisina en fonction do Ua plus grand* dimension do

Iloa de1ux.
- relations do continuit6 entro particohes 18o16os (alignent do soottluros o0 porolitis).
- Is ripartition per class. de l'une des caractinistiques Indiuidualis.
- ate.

Sur cotte base, des Images do elichis radiographiques do nifirence (*111) ont 6t6 quantiftes
at des clichis radiographiques do pilces riolles automatiqoomant tosgicnies aoed succis A coo
rdtdretes6.

11 oat smbaiteble que U laspicialiates on ha mture so concertont *tfie do

- *6lectionnor los grandeors caractiristiqoes A retontir poor eatistaire l'emsentiel des
benoins o critiros.

- codifier ctte* siloetion et Ilntroduire dans des standards de niveso International,
ff. - favoriser Ie divoloppossnt, l'optimisation et Is comercialiation des capteureaSt do
t. 1lilectronique rapide d'acqoisition et do traitoment



-favoriser Ia oorallstion do coo &ddmeiti,
-fovoriser use oatomatization officaco du diagnostic at do Is sanction proche du towps rbel
i foindro coat.

4. LKS D9PLAcMuUS 3ZLATIFS W=E!U90 CAMIgURS FUECKS

Co Galui set d-&tr* pr~sonti permet d'imaginor sas difficult6 to quo doit itro Is partie
'support' dune Installation do contr~l.

La ddtoctiona t Is caractdrisation diasionnello do ddfsuts fins, lour situation pr6cise on
surface ou dent Is volufe dunt plies qui pout Wtr de g6omitrio comploe, impose des
ozigent~s ao misses des conditions des d~piacoments des duotteurs r6toptours ot do is Pi6ce i
contr~ier.

Dens la plopart des cas, uls soot s6par6s mais Intord~pondants.

Le niveau dos performancos do contr~le St 1s comploxitil do Is g6om~tris does pi~cos imposent

-Is nombro do dogr6s do libert6 (josqu'& 6 ou 7 voice plus).
-Is prdcision at Is roproductibilit#

des positions relatives (do 1'ordre do 0.01 ma poor los translations at do quolques
socondos dWerc pour I*& rotations).

-. des witesses do d~plaemont.

Dons Is but dattoindro co& performances mdreniques. l'automatisation deviant in6uitsble at
Is fisbilit6 dos progrmes st un point susai essential.

LoS installations soot ou want dovenir do varitablos macbinos-outils capobies do performances
mitrologiquss waritobios)

S. LA PEATIOUR INDUSTRIELLB

5.1. Nicroscopie scoustioue

Los progras r~conts rdalis6s dans I'alaboration do matarieux 'Roautes tompdratures' per
m~tallurgie dos poudros 00 c~ramiques fritt6os et les gains on performances gui leur Bout
associ~s ant naturolsment angendril des applications sour otaurs deaviation.

LA nacassita do fabriquor ot contr~lor indostrioiioment los plaes$ corrospondantes sleet
alocs prdsenta.

Sur ces matdrieus, Is tailie critique des ddfauts st do 10 (HDP) ou 100 (cdrmmiquos) fols
plus foible quo our places do mbeo typo (disqoos. ashes) raisaes jusqu'i prasont par
matbode conventionnolle (forgo, fonderiol. Dons Is but do d~tecter cen dWauts do tro
potitos dimensions. do 10 A i00 ^am loe premiiros Gtudes lanc6os il y a environ 10 ses as
soot orionttes ra Is rialisation do systifss oltrasonores a tris haute friquenco (piusiours
Gil:) dans Is perspective do performances iquivalentes i Is microscopie optigue (1 1000) maie
permottant des "observations" soos Its surfaces des objots.

Cos systas contus pour dos applications en laboratoiros prisentent dos inconvinionts qui on
limitent los applications industriolles

- cbantiloft do foible dimension,
-exigonces critiques d'alignoment sonde/surface do pl~ce,
-tras foible pinitration :quolques us.
-risolton liait.
-cheap dosxamem Ihaiti A quelgues am.

Plus ricesmant, des systamos fonctionnant A des friqoonces infirioures A 100 N)!z ont 6ti
coneos at raliss do manibre & ridoire lee Inconvanients pricitas. Certains dentre 001
rastont cependant des appareils do Isboratoir. (CGS Nercoussis - Onivorsita de Valonciennos,
France).

D'autros sont actuellement capables do contr~le do piicos do production. Doe d'entre auo
peuvont btro sigslas sas donner Ie ditail do Principe do fonctionnement

-Systba divolopOn Par General Eloctric Company. Schenectady

- Capa~ble do contr~l. des disgues do torboriecteurs (oo de piacas cylindriquos).
- Friqoence do 0,5 a 100 Mil (habitu*11ament 50 M*z.
- Method* par Impulsion at rdflezion Wiho),
- diemfitre tacho focalo 0.137 me dens lesau (0,147 dams on superalliaeo has. Nickel),
- grandissomont josqu'i 1 20 par accroissemmat proportionneal our C-Scon do pas lignee, et
de 1- vitess. do balayage,

- Image 16 iveout do grie : ffichage direct do 11amplitude des achos,
- pinitration dans super alliae base Nickel

P - SO Hz -3,8Sma
F . 25 Milz - 6,35 me
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-Systhmto basso frinuence diveloyni per Uuiveaslti do Stanford tUSAlet I'Mrosoatiale Francs

- Capable piaces (plaques composites) 200 = z 1000 am
- Friquence de 3 & 20 Ms:,
- Nithods par train d'ondes monofriquence at 6cho,
-Dismitre tache focal* dens leanu 0,1 ma (10 KB:) 0.3 am (S iii:),
- Signus. recuoillis :risultat do phdnoulnes d'interfirences entre onde do Rayleigh. do
compression. do surface.

II paralt cependant possible de

-focaliser en surface a relevi de Is topologie de surface,
-refocaliser A une profondeur voisine d'une longuour d'onde do Rayleigh contrble
effictce do quolque 0.1 an sous in surface,
faire une pseudofocalisation on ondes tranaversales
(particulibrement intiressant pour contrile des composites sur plusisurs aillim~tres de
profondeur)

- itesse de balayage 200 ma/soconda.

5.2. Chains do assure ultrasonore

Lea applications en contrile ultrasonore dens l'Industrle en g4uiral at plus particuli~reftent
done l'aironautique so sont multipliies do manihre Impressilonnanta au cours des 30 dorrilares
aones.

Au cours do cette piriode, des progr~s importants ont 6t6 rialisils o nivean does 6quipements.
Copendant, avec len nouveaux concepts do toldrance su dommage, parall~losent i I introduction
do nouvelles technologies do fabrication bur do nouveaux satirian:, lee performances
nicessaires en contrble ultrasonkore sont plus 6lov~se ot let ealgencea plus pricisas.

Dens lindustrie adrontautique Internationale. cotta situation st gdnirale do mime qua 1e
constat d'inaptitude des apparells i ultragons, I compris les plus ricents, pour satisfaire
co nouveau bosoln.

&fin do r~soudre cotto difficult6 technique, des socltis aironautiques (1) a0 sont
regroupies pour ridiger des spdcifestions techniques d'une nouvelle giniration do "CHUINK DR
RESURE ULTKASOIIORK", prisentia ci-apr~e & titre d'exemple. Cottealmso en commun a pour but do
faciliter li6tude at 1s, rialisation do cette chain. grice & la perspective d'un aarch6 plus
6tendu.

Lea points essentials de cotta spdcification sont lea suivantsz

5.2.1. Objactif

Application sur Installation do contrile ultrasonore autonatique par inmersion A haute
performance do places is~tslllquea, chramilque, composites.

Cotta chsine doit constituer la W~e dune nouvelle gindration opts i satisfoira leg bosolas
pour lea 10 prochaines anniss.

Spicifications techniques

5.2.2. Emsttour

H odulaire, multivoies, multiploxablas (possibilit6 command* des Impulsions en tap dical6).

-Pilot&&a numirique.

5.2.2.1 Impulsions

Sinusold. carr6 hipolairo amortie (Fig. 12).

Nbmbr*, largeur at amplitude des arches programmable@. tension pra~ro arche ajustable do So
A 500 V crite & crite.
Imidaca do sortie SO0 t 5 9. quells quo Wnt Ia friquenco.

(1) Document MAST 001 6d. 1 du juin 1987.
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5.2.2.2. Frdquence de recurreace

100 Hs A 10 kuz par vote per pas progressita do 10 Ns (autour do 100 HNO 1000 Hz (were 10
kiHz).
Frdquence spdclflque d'un, vote *anmod* nultiples6.

S.2.3. Rlcepteur

S.2.3.1. Prdemplifleateur

- gain do 0 A 24 d6 par pas 6 dB. Cosutation manuolle ou pilotde, pries on coupte
autontiqueftat

- par Vamplificatour numirique (voir S 5.2.3.3.).

- lindaritd -c 0.5 S (6cart par rapport & I. velour aboolue).
- pries en compto automatique on compliment des 24 dB. d'uns prdampliticotion primire do 12
dB 6wontuellomont, sitodo pria du traductoor mais Intdgrd. au cable do liaison (connilon
adparde, at sp6cltique, du raccordement A un cible &wet ou sans pr6amplificateur primaire).

S.2.3.2. Friquences

-Saes iltre band* paccante A - 6 dB do 0,2 A 100 RH:.
-Filtre ajustable

- ilitre passo bands synitrique ot fen~tro do frdquenco mobile pour analyses spectralec ot
6tude do structures.

S.2.3.3. Amplificateur

-Nundrique (28 bits alni)
-Lin6alre et logarithoique
-Gain mini 114 dB en dynamique totals
-Prdcision # 0.5 dl en absolu.

5.2.3.4. Corrections amplitude distance

Base do temps d6coupdo en:

-300 segments de 300 no our Ia dynamique totals,
s egments do 50 as cur une dynamique do 10 dB.
-donc too, los ccs & partir de l'6cho d'entr~e.

5.2.4. Honiteur

5.2.4,1. Form du signal

Type HF pour traitement, 10 cas 6chdsot.
HP rodreod & I ou 2 alternsnces UNIQU9ENT pour visualtsotion cur 6cran.

S.2.4.2. gchelle de temps

- Codage cur 21 bits
- gtendue do l'6chelle posclbilit6 limite

-ContrOl. S00 as dascior.
-Colonne doasu 1 mitre,
-Incrdmont mail 10 no,
- Hdolution I o

S.2.4.3. Portes do surveillance (figure 13)

3 ports$ do surveillance

-d6buts et fins de portes ajostablos par CM 00 oynchronte6es our 6chos permanents,
-synchronisation possible ontre deox portes awec co~ncidence oo ddcalage positif 00 odgatif
ontre ddbut do loune ot fin do Is pr~c6dente.
-2 @suite symfitriques do d6toction par porte (positif et ndgatto) programmables par
incrdment do 1 bit (rhsolution de l'amplifiration) awec one prdcision do nivesu do ceuil de
I bit.

5.2.4.4. Visualisatton

Ecran numdrique,
foprdsentat ion
-A san tempo r~el
a - C acan en tempo pseudo ditt~r6.

-Affichogo paramdtres do rdglsge do Is chains et rdsultsts do contr~lo.
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5.2.5. ans

Troia options possibles do uumrotation at stockag.,
-Signal couplet (A.0) SItU6 does Ia port* pour chaque r6turrenco.
-Signal complet (A.t0 aitut dons Is port* pour chaque rdeurronce ou A mail > &avil.
-do in velour do ld6cho d'aplitude Ras (A) at profondour correspondanto (t) pirmi let dchos
ddpassast 1. no.11.

5.2.6. Auto-contr~les

- Tension do rdfdreace calibrdo pour autocostrl do I& tottlitd des fonctions do is chain.

- tension,
- accord dia W once.
- wasure do bruit par rapport A Is tonsion do r~f~raca,
- contrla do chaque chanlomwnt do paro~tr*,

- Rdceoteur
-linasritd du pedamplificateur analogiqu*.
-fiddlitA do I& courbo d'ainplificatioa du pr~amplificateur.
-ddtermination do Ia priseo coupta d'un. courbo do corroction.
-sorties do points toots groups at ropdrds.

5.2.7. Traductours

Doux configurations ponaibles

- (lad directoment au Porte traductour machine.
- M6n %or l'6tags do prdsmplificateur primaire
lui-me tixA to port* troductour machine (coaxlalit6 4 t 0.05 ma. paralldlisme
4 0,05OS).

Dane Ise doug Cos, poaniblIt6 do chagaont automatlquo traductour ot 6tankchdttd & iau

garantie.

5.2.7.1. Rzigancon standard (Vig-14)

Affichato trdquonce contr~lo f. A - 6 dB et - 12 dS (Prdtislon + S %) at band* pasant* LB.

Start entro frdquence dominant. (fa) at (rdquance central* 1 N

6de
Start ante* amplitude respective dos coeposaton
fe at fe 4 1 dl.

S.2.7.2. Caractdristiquon acoustiquos

Ciploration du che"p acoustique i laide d'un hydrophona aiguillo 6talonnd6 (Pransion absolve
afficbde on Pascals)

-au pan do 0.1 ma pour los pronsiona scoustiquos comprises ante* Is presalon Mazimaleaet -3
dB,
-au pas do I me on dohors des velours prdcdetoa at co JunqudA It limit@ do - 18 dS.

Ioprdsontation graphique des volume saSlon dous types do coupes longitudinal@* et
transversalea
Ddinition dos paramitres relatits aug ddaalignaments ot excontration Solon figure 1S.

5.2.8. Caractdristiquas des cbles do raccordomnt appareil~d do euraaltraduct urs

5.2.8.1. gloctriques

-Impddanc** S0 9 t 2 0.
-Taus donde* stationasir~s

S - 1 (K < 1.2 S
I -(K)

Sat t ZL -C ZL - imddace self iquo
11. C I ZC - mpdasts capacitive

5.2.8.2. Ndcaniquen

La cible dolt pouvoir supporter S 10 6 pliagea do rayon 25 ma sana altdratloa des
caractdristiquoe.
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Inspection automaticue Par Courants do Foucault do vibcos do turbomachisles on exploitationt

L'inspection par Courant* do Foucault eat bion adaptA I* "edtoction do criques do fatigue
oligocycliquo present iventualleat naesance done des tonee sousises i des contraintos

Laspect critique des zones oat soubent associ6A useo forte sollicitation do parties do
pikces de g~ombtrie localoment compisie (alydoles, festons. rayon. do raccordo..nt. trout).

Jusqu'i us posed recent, Is contr~l. par Courants do Foucault des piess do turboahins on
exploitation 6tait of foctelo manuellement on A laide d'quipamests wlcantiss :sonde fz6 ti&
us support ddplard radialowent par rapport I un disque on rotation motoriado. Depuie environ
10 out, un effort Important a 6t& rlalIs6 par lea motoristes pour dlwoloppor des syst~mee
autoastiqueg do contrbls par Courants do Foucault do pibces tournates.

Plusiours dentreoeut out dlboloppl des installations qui peuvent Wte tono'46rles cm tote
do glnlratlon des 6quipoeats future pour ce typo d'application, par esemple : CII do G.B.
(figure 16). ROBINSPEC 1 do P.A. Industrial System (figure 17), KilO.

Globlonent. coo systbises fouctionneat sue 1s Mme priacipo &ae dos caractdristiques moisintes.

flonwoments

-Pilotage antoatiquo dos dlplacements do pi~ces otfon sondes solon 7 (on 8) axes
Inddpeadonts (translation on rotation).

La partl. ndcanique eat toos et rlalisle pour attoinkdre usn ivoon 61*vI de pr~cision (2S
A SO me pour lee translations ;0,03 1 0.003* pour leo axes do rototion) et do
rlpdtabIllt6 (0,02a en translation) et prlsonto la capacitl dimensionnolle poruettant In
contr~le do lesseable des disquos des moteurs actuel$ on future, militairos ou
commarcieux. 118 sont conlus pour use maintenance ables.

?ilotage des nonbements. rlzlage des anoaroils et rlalisation des contrblos

Les sdquescos successivos d'6talonnage et do contr~le par baloyage des difflrentos zones
critiques d'une plice sont coineanddes par program Inforaatique. Pour cr~er ces prograsms,
l1oplrateur oat guid6 pas A pas par us menu interactif en tenant compta des sondes et Gtalons
spdclflqneo 6voutuellemnt nlcessalroa o contr~l. do cheque tone. Los programs r~alts~s
sont esnto atockls on 0mire puts appliqula autaut de fois que slcessairos pour rlallser
leo contrdles.

L& fonction do l'oplrateur s limit. an changemont des sondes ot des plbces et 1a rentrle
dinformations relatives A lidestification do relles-ri at des tones i contr~lor.

Des standards do rlflronco permettent do wlrifier antomatiquenent quo 10 systlso Cot on #tat
do fonctionnomont ot quo I. nivoan do sonsibilit6 eot capable do dltector les dlfauts done
los bones A contr~ler.

gn controls do pilcos los aplitudes du signal Courant# do Foucault Boat acquises et font
l'obJet d'un traitoment autonatique lhaitI actuollament A l'utihlsation d'un seniI qul pormet
do ddclonchor use alarm, doffectuor us enregistroent do V indication dltortdo on
deoffectuer us arrat on retour sur dlfaut.

Limites actuolles ot asklioratioss nlcossaires

Dons leur 6tat actual do dlvoloppoment, los syst~mes prlsontont certains inconv~nients

-Los problimos d'accoosibilit6 pour lea pibces do glomAtrie complete nlcoasitent
Ilutllsatios d'une robotique at dsalgoritbmes do dlplaroments complexes, co qui explique
on portl. le toot I16v6 dos syst~me et rend I& mdeorivatlon des trajectolres par
apprentlosage trIo baurd. A rdaliser on Impossile doss des coo eztrlmoo.

-La taut do fanose alarne our pibeo non,. at aurtont our plices apros fonctionnoeont est
6levI (offots g~ofedtriques, proet do reynros on do pollution suporfioillo). dnAO appel
frdquent do l'oplratour ot risque do auvaiso Interprltation des rdsultato ponvant
comproattro 1& fiabIlIt6 du contr~lo.

La rlsolution do coo problimet nlressitore

- La possbilit6 pour let systimes dlutiliser los donslos CAJtPAO,

- Le dlveloppoent et lautilisatlon do traltements do signaur pormettent do olporor los
Indications do dlfauts des indications non significativos.
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5.4. Tomnarenhio 31

5.4.1. Rappel du principe

IA tomogrophi. par rayons I permat do rdoliaor do manure non destructive Jo cues on coupe
d'objets. Site oat utiliado dana 1. domin. addical et done 1. domain. industrial (contrdio
non deatroctif).

Le principo do Is tomographie *at Is solvent

On meaure l'attdnuation d'un plateau do raons I A travers l'objot A 6tudior at on obtiont
&ast Vintftrale do coefficient d'abaorption suivant on trajet appoli projection. On
acqulort ionaoable des projections solvant an grand ooebre do directions et on reconatruit
par calcul limgs do I& coupe do, lobjot.

S.4.2. Conatitution des tomograpboa, modea d'otiliaation et parsobtros critiques

Un tomograph. Industrial oat constitai

-D'une souce do rayns X,

*-D'un ou plusiours ddtecteurs do rayon. I acoc i'6lectroniqu* associde.

- Oun systbm nbcanique permttant de ddplacor l'objet examind dana 1. faticoao

-D'un systlee do traitemat ot do, reconstruction d'imge.

En utilisant diffdrosmnt loo mouvsnts on tomographe peut rialiser de simple$ coos on
projection do type do co o* lon obtient en radiograpble classique our film.

Las principtux parsAtres ddterainant l& qualit6 dun tomographo sont

- Paremitres joosnt sur l& rdsolution spatial.

taillo du foyer do tube. longueur at hauteur do idl6mnt do ddtection. pas dacquisition
(syatim pluriddtectoor) ou pae do ddtocteur (systim inztiddtocteor). position relative
foyer/piice/ddtecteur. dimnsion do l16imnt diewage, ceo parwAmtres decant formr on
ensemble cobirent.

- Poremitros joat sur I& rdsolotion en densitd

frdquonc* d'alimntation ot stsblItd du gdndrateur RX. atabilitd do, llosomble do
ddtoction. prdcision dos insures.

- Par&Mbtros joat our los 6paisseurs contr8iabios

tension du gdndrateor 2I. dyanmique, do l'onseablo do ddtoction.

- Parsudtres joutnt our lea cadences do, contrdle:

Flux do photons Asa par Ie tube UI. officacit6 do ddtecteur, tampa do rdpons do
ddtocteor, rapidit6 do systimo do reconstruction dimge (poor quo I& reconstruction
don* imge sait plus rapide quo 1* temp dacequisition at puiss tre rdaltsde en teops
msqud). chargomot at ddchergemnt dos pl~ces automtiques si 1 application I@ R&ceSSite.

S.4.3. Application au contr~lo dos aubea do turbine

SNECNA a lancG locquisition doun tomographe deetin6 au contrdle des nobes do turbino crouos
A noye. cdremique.

Las dWants rechorchds @ont des ddfauts mdtallurgiques (inclusions, microporositds .. ) t
g~nmtriques en porticulier Apaisseur do peao non conform i cauee d'uno dformtion do
naoan cdrMIque pendant I. could.). On contriloe d'aubo ndcesito typiqoement 1 coo ea
projection ot 3 coupe@ tomographiquos rdparties sur la hauteur do I& pale, compItd..
6veatullemat per des coupe@ tomngrapbiques passat per les d"fouts mitallurgiqnes pour
lover de doute.

Le tomographe reteno *st do type saltiditectear et a 100 corectdristiquos soicates

- 06sdrateer nI tension Mgt 420 kc
foyer 1,5 m.

- Diltocteor i gas (16nom gons promote&)
peas 0.15 son
hauteur des 616mots do ddtection 0.2S m
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- Objet limits diwAmlir 170 an
hauteur 450 -m

- atelonnags automatiqu. alsuWetr oon

- Chargemant des suborn done is chabre d. contr~io at dilchargemni setomatiqucs par convoyour
charg6 an "hors do is cable* anti I (capacita 2S i So auborn salon leur taills).

Pour Is contr~ls des 6paissours do parole des subrn. 3 modes sont utilisables

Node Manuel Is systim calcue I* distance ontro 2 points sdlectiofnls par
l'opdraisur.

Nods soml-automatiqee 1s systbme calculi l'dpasssr do Is Perot is long d'une, ligne
droits joignant Z points slctionnds par Ilopirateur on debors
et de pert at deautre do Is Peot.

Node automatique Is sysaw calculse I* polatours correspondent aux minims
locaux par zone et prononce autoatiqueent I s&action par
comperalson A doe crtrus. We soots it lea critires slant 6t6
prlaeblemnt ddtints pour cheque typo do pu6ce.

Let cadences do contrOle, soot do 12 A 24 tubes mobiles/houro solen leer taills. icr Is baes
dense sue per projection ct 3 coues tomogrophiqu~s par place.

Un sxample do coup@ tomogrsphique sct den* Figure 18.

CONCLUSIOS

Maoes scone tentl d'analyser et do prlsonter Vensomable des techniques do contr~ls d'une
mnid~re synihdtlquo.

to ddcompositlon an phases 6lesntalres facilite Is also en tacteur au niveau do chacune
dollos des esigonces communes & le plupart des techniques ii to West losesuble.

La ditf~rencistlon is plus marqu6s seable se uituer so nlveae des glnlrateurs d'eicitatlon
dent los principec physiques restent sots splcifiques.

La similitude des principes physiques is croissants & partir do Is perturbation.

La phase rivilation noes montro, quo Is plupart des capteuro utiliala6 sont seftsibles ot
rajonneesnis Glctromagndtiques. La conedquenceoaet Is bonn* unit6 qul apparalt sex stades do
lenealyoe. do 1s synthbcs et plus particulilbroaent se nivoe do Vilvolution des critlres o
lionsemble des ddfauts. quelle quo salt Is technique appliqule oc I* stade d'intervention do
contrlle. pouroni Wie considlrils sees 3 n 4 glomltries 6lduontaires do base.

Cac asloglos ct simplifications constituent uno situation favorable pour hermonlter lo$
orientations. le$ chats, los lnvestissewents. concentrer Its efforts do cristivit6. do
monibre & scllrer lee progris et 1our industrilli saton. rlduire lee cofts do d~weloppeeeni
et de contrlle.

Dean ceo 6volutions, i s confirs quo l'informatiqee st on 6llent fondaental qul noes
cites ir~s prds des dibouchle Industrials en co qui concerns Is sanction bail. sur is
glootrt* des dlfauts. Un dernier pas difficile & franchir sere colul do l& nature r~elle des
dWfants.
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LONG TERN POSSIBILITIES FOR NONDESTRUCTIVE EVALUATION
FOR US NAVY AIRCRAFT

by W. R. Scott
Naval Air Development Center

Warminster, PA 18974
USA

ABSTRACT

The manority of Nondestructive Inspection (NDI) techniques currently in use for
US Navy aircraft are labor intensive, operator dependent and result in excessive
aircraft down-time. For this reason NDI R&D efforts currently are directed toward
developing rapid automated systems capable of remote or unattended inspection of
large areas and inaccessible structures.

Ongoing programs of this type to be discussed include Laser Ultrasonics,

Acoustic Emission, and Quantitative Imaging. The primary thrust of the presentation

will cover the advantages of each technique and the technical obstacles preventing
its implementation.

LASER ULTRASONICS

Laser Ultrasonicsisanondestructive testing technique that has the potential to
perform all of the same types of inspections as conventional ultrasonics except that
instead of using piezoelectric probes to interrogate material defects it relies upon
optical techniques. The principle of operation of this technique, shown
schematically In figure I,involves the use of a pulsed laser to generate
thermoelastic waves which are then detected using a high sensitivity optical
interferometer. For all practical purposes these thermoelastic waves are identical
to ultrasonic stress waves. When such waves interact with defects or interfaces
within a material they are scattered or reflected at points of material property
discontinuity. Surface displacements resulting from the scattered waves reaching the
component surface are detected by a high sensitivity optical interferometer and are
converted into RF signals commonly referred to as s-scans.

This means of inspection has a number of obvious advantages over conventional
ultrasonic techniques. First of all laser ultrasonics operates in a noncontact node
in contrast to conventional ultrasonics for which a coupling is required between the
probe and the sample being tested. This coupling is normally accomplished in any of
three ways:

1. a thin film of liquid couplant is placed over the surface of the part to be
tested and a piezoelectric probe is placed in direct contact with the part,

2. the part is immersed in a liquid medium and the piezoelectric transducer
radiates acoustic energy through the medium and into the part,

3. a piezoelectric transducer is placed inside of a nozzle which directs liquid
couplant onto the surface of the part being tested; acoustic energy radiated
from the transducer is waveguided along the liquid stream onto the surface of
the part.

The purpose of the liquid couplant in all three casea is to provide an acoustic
impedance match between the transducer and the part being tested, thereby allowing
sufficient acoustic energy to reach the part and be returned to the transducer.
Since laser ultrasonics generates the ultrasonic stress wave right at the surface of
the part and detects ultrasonic displacements at its surface, the need for coupling
is eliminated.

In addition to eliminating the need for couplant, laser transduction has the
added benefit that it permits remote ultrasonic inspection in the absence of any
intermediate medium. While squirter techniques do allow some distance to exist
between the transducer sand the specimen, they also require that a liquid medium be
sprayed onto it. This spraying can adversely effect the ultrasonic signal especially
at the higher squirter velocities needed for horizontal or inverted vertical probe
attitudes.

In contrast, laser ultrasonic probes can work at any angle and only require the
existence of a transparent path between the probe and the part being inspected. This
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auggests the possibility of inspecting moving parts and parts functioning in hostile
environments. Furthermore, the fact that laser ultrasonics uses a massless probe
that can reach its target almost instantaneously opens up the possibility of
scanning rates which far exceed those achievable with c-scanning or other servo-
mechanical probe positioning schemes.

Despite the obvious advantages of laser ultrasonic Inspection, it does have a
number of drawbacks which have prevented its practical implementation. These include
the followingz

1. Lasers sufficiently powerful to produce usable ultrasonic intensities in
highly reflecting metals may be capable of thermally damaging other materials

such as plastics.

2. High laser light intensities associated with ultrasonic inspection are
capable of producing eye damage. This means that inspections must be performed
in limited access areas and operators will be required to use protective
eyewear.

3. The interferometric sensing techniques used to detect ultrasonic
displacements may be considerably less sensitive than corresponding
piezoelectric techniques, especially at long distances.

Much of the current R&D work on laser ultrasonics is concerned with overcoming the
above problems.

Three effects are involved In the conversion of light into ultrasonic waves.
These are in order of increasing efficiency, radiation pressure, thermoelastic
generation and ablation. Radiation pressure results in a low conversion efficiency
and is of no practical importance. Thermoelastic generation can produce efficiencies

between 10- 7and 10- 4or greater, while ablation may have efficiencies of 10-3 or above.
The last mechanism while very efficient has the disadvantage that it may lack
reproducibility and in extreme cases can produce material damage.

The above mechanisms rely on the rapid heating of an opaque material surface in
order to produce a stress wave and produce large near surface displacements that are
inefficient in generating stress waves in the bulk of the material. Von Gutfeld
[1,2) and others have shown that by pinning the material surface much higher
transduction efficiencies are obtained than are available from free surface
excitation. A related effect may have been demonstrated by Rudd 131 who
nondestructively produced large amplitude stress waves by exciting milar films with a
pulsed C02 laser. Although Rudd was not able to make absolute measurements of the
amplitude of the resulting waves it was clear from his results that the amplitudes
were up to an order of magnitude larger than are ordinarily obtained from
piezoelectric transduction of similar waves. This suggests that light is being
absorbed through the thickness of the plastic film producing a self pinning stress
wave.

Plastic films of this type could readily be coupled to large surfaces using a
liquid couplant as shown in figure 2. A laser could then be rapidly scanned over the
surface producing a rapid non-damaging probe suitable for a number of structures.

In addition to better laser generation techniques, significant advances in
detection techniques are necessary in order to realize the full potential of laser
ultrasonic inspection systems. Most interferometric devices currently in use for
detection of ultrasonic displacements are shot noise limited and exhibit significant
losses in sensitivity when only low levels of coherent light reach the optical
detectors. As a result working distance, surface roughness, surface reflectivity,
and light source intensity are all variables which are important in determining
interferometer sensitivity.

Recent studies (4) have demonstrated that with lasers of moderate power (on the
order of milliwatts) sensitivities of .5 Angstrom at a 10 MHz bandwidth are
obtainable. This level of sensitivity would would be acceptaile for many ultrasonic
inspection applications, if it could be maintained during an inspection of a
conventional part. However, most designs for high sensitivity devices, such as the
one shown In figure 3, rely on maintaining a focussed laser beam of a near
diffraction limited spot size at the point of inspection. This normally implies very
short working distances (<Ism.) and depths of field on the order of microns.
Compromises Involving higher power lasers and larger spot sizes may be necessary to
maintain both acceptable resolution and practical working distances.
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ACOUSTIC MIISSION (AE)

Acoustic emission is a nondestructive testing technique that detects the
presence of defects in a structure by monitoring the sounds which that structure
makes under machanical at theraal loading. These sounds can range in frequency from
the audible range up to the low megahera range or possibly higher. Current US Navy
thrusts in acoustic emission are in the area of in-flight monitoring of airframe
structures to detect the presence of crack growth in critical components.

In principle AS is completely passive relying on signals received from arrays of
sensitive piroelectrLc transducers to detect and localize sounds emitted from
growing cracks. A piezoelectric sensor is mechanically secured to the specimen and a
liquid couplant is placed between them to improve the acoustic impedance match. As
the specimen is loaded bursts of acoustic energy are emitted; they are counted and
the rate of emission is plotted against load level. In many materials the presence
of a high emission rate or the occurence of a number of emissions above a certain
amplitude is indicative of the presence of a growing crack. Such techniques have
been shown to work reliably in the laboratory for specimens with simple geometries;
and in some practical applications such as monitoring of pressure vessels.
Structures such as aircraft, on the other, hand present difficulties not encountered
in these other applications.

The single largest problem in developing a practical In-flight monitoring system
Is how to discriminate between these benign noise sources and AE events associated
with crack growth. The benign, spurious, events are mainly associated with following:

Electromagnetic noise induced in the sensors, lead wires and associated

instrumentation,

Noise associated with engine vibration transmitted to the airframe,

Cavitation noise from aircraft hydraulic systems,

Noise associated with fretting of mechanically fastened structural components
particularly around loose rivets.

The three main techniques used for noise discrimination are array source
localization, emission/load analysis 151 and pattern recognition. Source
localization is usually applied to components having a two dimensional surface of
approximately constant thickness which can be instrumented with an array of
transducers. For isotropic materials, patea and surface waves of a particular mode
and frequency travel at a constant velocity independent of direction. Depending on
the shape of the part, it is usually possible to uniquely locate the source of an
emission by measuring the difference in arrival time at each of three or four
transducers mounted on the component a surface.

The source localization technique can immediately eliminate events associated
with electromagnetic noise, since these normally arrive at all sensors

simultaneously. Also, signals associated with cavitation and engine vibration can be
localized as coming from outside the area of interest.

The most difficult noises to discriminate from crack growth are those associated
with fretting. This is narticularly difficult when the source of the fretting is
around a loose fastener. Since fastener holes are likely locations for crack
initiation, locating an event at a fastener hole does not a priori rule out the
presence of a crack. This leaves load level discrimination and pattern recognition
as the two remaining techniques for discriminating between crack growth and fretting.

Load level discrimination works by observing the rate of izoustic emission as a
function of the load being applied of the component. A basic phenomenon observed in
acoustic emission is that a component under cyclic load does not produce acoustic
emission until it reaches the load at which the last emission occurred( the Kaiser
Effect). This law does not hold in general; however, it is significantly sore likely
that a crack will grow at maximum load than at some other point in the load cycle.

in addition, for some materials another kind of emissions associated with crack
closure will occur at the lower end of a load cycle. Since the rate of emission
associated with fretting does not seem to vary as strongly with load level, it is
possible to use load level vs. emission plots to obtain strong statistical evidence
for the presence of crack growth. This method is also useful in developing "training
sets" for a third discrimination technique, i.e. pattern re-ognition.
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Pattern recognition is a general term referring to mathematical techniques which
can be used to categorize empirical data on the basis of certain "features" of that
data. For example, electrical transients can normally be discriminated from crack
growth signals purely on the basis of their duration or frequency content. Pattern
recognition normally involves two sets of data each containing a number of separate
events The first i3 a training set used to develop a discrimination algorithm. A
second independent test set is then used to evaluate the algorithm's effectiveness.

Figure 4 illustrates the results of one pattern recognition scheme constructed

for separating events due to crack growth f-on those due to fretting. Two separate
features are selected as being indicative of these conditions and their values are
placed on the plot for each event observed. The source of the emission is obtained
by another means such as load level analysis. Solid points are plotted for cracks
and open circles for fretting. Since crack events cluster selectively in the lower
right corner of the plot and fretting events in the upper left, it is possible to
draw decision lines which separate either type of event with a given confidence
level.

In recent studies Hutton et. al. [61 applied pattern recognition techniques to
acoustic emission waveforms obtained from aluminum tensile specimens. Using load
level discrimination, training sets of fretting and crack extension waveforms were
developed and these were used to construct algorithms for discriminating between the
two types of events. When these algorithms were applied to independently acquired
data sets from the same specimens the results of load level discrimination were
reproducible with a 90 percent confidence level or greater. These results are highly
satisfactory, since load level analysis does not guarantee separation of crack growth
signals from benign events.

However, when these algorithms were applied to different specimens the agreement
dropped significantly and when specimen geometry was changed results were quite poor.
This was interpreted as meaning that certain features of acoustic emission events
were unique to the particular crack from which they originated and to the geometry of
the specimens through which they propagate.

Later work showed that transfer functions could be developed which removed many
of the specimen specific features of At events. When events from various specimens
were processed in this way, a number of "robust" features were recognized as
discriminating between fretting and crack growth events. In laboratory evaluations
the rellablllty of these algorithms was found to exceed 90 percent.

Successes of the above R&D efforts suggest that methodologies based on aircraft
noise surveys and statistical estimates of crack detection probability within noise
environments could reliably detect subcritical crack growth in some aircraft.

Work in progress Involves flying an AE system on a P-3 aircraft while
monitoring crack growth in a redundant structure. The flight rack mounted AE system
to be used for these tests is shown In figure 5. The three channel acoustic emission
system, shown in the upper right hand rack panel, capable o: identifying events from
the region of interest and acquiring their waveforms on the two Biomation recorders
in the lower right rack. The 12 bit digitized waveforms can then be recorded on the
tape recorder for post flight analysis. A redundant cracked structure will be
independently monitored for crack size using resistive crack growth monitors
suplemented by periodic visual examinations. Post processing of this data will
permit optimlzation of discrimination algorithms and critical evaluation of their
utility.

If this methodology is successful in developing algorithms suitable for
detecting critical crack growth, future efforts will be directed toward developing
smaller aircraft specific systems for monitoring critical areas of the P-3 and for
developing smaller prototyping systems for use on smaller aircraft.

QUANTITATIVE IMAGING

Quantitative Imaging is a U.S. Navy program involved with ultrasonic imaging of
defects in airframe materials, particularly composite materials. The work draws on a
number of technologies including robotics, imsge enhancement, machine vision, and
ultrasonic signal processing. The ultimate goal of this project is to develop
automated systems which can directly measure those parameters relating to the
criticality of a defect in a component. In addition, the systems must be able to
continuously monitor changes in such parameters by storing defect information and
comparing it to results obtained at a later time in the life of a component.

mmmm • m m mmmmmmi mlm• mmmllmm Mm A6
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The primary element of the quantitative imaging system is a conventional
ultrasonic pulser receiver which excites short duration stress waves in a
piezoelectric transducer. These waves are coupled into a component of interest
through a water jet or by immersing both the transducer and the component in a water
bath.

The latter configuration is employed in standard c-scan systems that are used to
produce ultrasonic images of planar samples. These systems usually operate by moving
the ultrasonic transducer above the sample in a raster pattern while detecting the
amplitude of an ultrasonic echo arriving at a particular delay time after the initial
pulse. This amplitude is used to modulate the gray level of the recording pen which
moves in synchronization with the transducer.

In order for these devices to function properly, the transducer must be kept
normal to the surface of the sample and at a constant distance from its.surface. A
certain amount of shape variation can be accommodated in these systems through the
use of special fixtures, servomechanical devices for probe articulation and the use
of delayed triggers to electronically compensate for small variations in signal
arrival time. In addition multiple electronic gates are available which allow flaw
probing at several depths through the thickness. In general, however; the cost of
such systems and their limited capability for scanning complex geometries make
robotic manipulation preferable.

The robotic scanning capability being developed under this program has three
main thrusts.

(1) Constructing the digital representation of the component to be scanned.

(2) Translating that representation into a set of instructions which will permit
the robot move an ultrasonic probe at a constant distance from the surface of
the component and at normal incidence to its surface.

(3) Registering the component's location within the coordinate system of the
robot, scanning and collecting data. (Reconstructing an appropriate ultrasonic
image of the component may also fall partially into the realm of this thrust.)

An example of a component suitable for robotic scanning is illustrated by
results of scans being done on a graphite/epoxy sine wave spar. The particular spar
shown in figure 6 is a segment of a reinforcing member from the wing of an AVS-B
aircraft. It is not inspected in an optimal manner after fabrication because of the
difficulty in following its contours.

The digital representation of this part was obtained by using an optical
scanning device which moved a thin laser beam over the surface of the part in a
raster pattern. The component was photographed with a television camera during the
scanning process. By knowing the camera angle and the angle of the scanning beam a

digital representation of the scanned surface was computed. This was used to
construct the isometric projection shown in figure 6.

Subsequently, a best fit sine wave was constructed from the digital data and
used to drive the robotic scanner. When a scan was performed it was found in fact
that the spar was not sufficiently close in shape to a real sine wave to obtain good
scans and a more detailed digital approach was needed.

In general the problem of producing a robotic scan pattern for a particular
shape seems to have no genetal solution. The robot being used in these studies has
six independent axes available for placing and orienting the ultrasonic probe.
Although this hardware provides sufficient degrees of freedom for scanning most
objects of interest their are a number of subtle problems which emerge in developing
scanning algorithms:

The robot must be programmed so as not to pass through the object that it is

scanning.

The robot arm must be programmed not to pass through it.elf.

The solutions to equations used to bring the robot to a given position and
orientation are not single valued. Improper selection of such solutions can
result in the robot moving large distances to reach adjacent points.

Robotic coordinates may not have metrics which provide uniform resolution on
parts with complex curvatures.
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Automating the process of generating robotic scanning instructions will be a major
thrust in future work.

After the scanning process, acquisition and storage of data presents the next
important area where advanced development efforts are being concentrated. The usual
reason for the formation of an ultrasonic image is to provide a permanent record of
the condition of a component which can readily be interpreted in terms of the
location snd size of various anomalies or defects. With such records it should be
possible to re-examine a scan of a component many years after it was made and confirm
its original integrity. In fact the techniques currently used to collect and display
ultrasonic data may not serve any of the above purposes properly. The results
of ultrasonic images such as c-scans yield results which are as much determined by
the operator as they are by the characteristics of the component.

Figure 7 shows graphs of the ultrasonic amplitude (a-scan) as a function of time
for a hypothetical material. These a-scans, which are the raw data from which
ultrasonic images can be constructed, provide cross sectional information relating to
the integrity of a component. The upper most scan corresponds to a material in which
no ultrasonic defects can be detected. The two large pulses going from left to
right correspond to the front and back surface of the component. The absence of
significant features between these echoes indicates that no ultrasonically detectable
flaw Is present.

In contrast, the lower a-scan shows the presence of an interior echo which may
be associated with a defect. The strength of the echo Increases with the size of the
defect while at the same time the size of the back echo decreases. By gating various
time slices from the waveform and using the amplitude of the enclosed features to
modulate a display an image may be built.

As the ultrasonic probe is scanned in a narrow rester pattern (c- scan) over a
component surface, patterns of light and dark are synchronously produced on a display
or hard copy. Figure 8 is an example of a c-scan of a laminated material in which
the gray level is modulated by the amplitude of an echo from a delaminated region.
If the back surface echo had been used instead, then a negative of the above scan
would have been produced due to loss of back echo from the delaminated area; gating
on the front surface echo would produce no flaw image at all.

Clearly the processing of the waveforms determines what information will be
displayed. Early approaches to optimizing this processing used image histograms and
level slicing as shown in figure 9. Imaging devices typically have a discreet number
of gray levels and colors that can be used in displaying an image. By defining the
level slices in such a way as to maximize contrast across the range of a-scan
amplitudes corresponding to defect conditions it should be possible to produce a scan
with optimized flaw sensitivity.

The markedly improved image quality and flaw definition achieved with this
approach still does not guarantee their reproducibility or the completeness of the
information which they contain. For this reason recent studies have emphasized a
technique referred to as full volume ultrasonic imaging. The full volume technique
records not just a single intensity level but a complete ultrasonic a-scan for each
point on a part to be imaged.

Figure 1O shows the isometrically projected output of a full volume scan of b
section of a graphite/epoxy laminated panel. From the data bas, acquired in the
scan both isometric projections and arbitrary cross sectional images can be created
which show the detailed distribution of porosity in the panel. Such images can be
shown in real time and a-scans for any location can be displayed and examined.

Because of the mass storage demands necessary to implement this technique it is
only now becoming practical. If a scan is to be made which has the resolution of the
human eye (i.e., approx. .2 am), then a four square centimeter full volume scan would
require approximately 1.3 megabytes of storage. This means that an optical disk with
a few gigabytes of memory would be required to store the scan of a one square meter
area.

The resolution required in many ultrasonic inspection , such as those for
composite wing skins is considerably coarser than visual resolution snd a scan of an
entire aircraft could probably be contained on a few optical disks. Even now this
cost would not be prohibitive. It is anticipated that future improvements will make
this technique the preferred method of data storage.

The full volume method clearly has the advantage that post processing of scan
data can be performed at any time after the original scan. This permits scrutiny for
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types of defects that may not have been of interest when the scan was made. New data
processing algorithms not previously available can also be applied.

Full volume scanning, though feasible, still leaves technology gaps. The
primary shortcoming is the data transfer rate. Most off the shelf instrumentation
cannot transfer more than about 100 ultrasonic waveforms per second. In contrast
analog sampling using older technology can process 10000 waveforms per second or
more. This does not seem to be a fundamental limitation, since both digitizers and
computer busses are now available to handle these data rates.

Areas for future research in quantitative imaging will involve calibration and
instrument normalization needed to make full volume scans made on different
instruments or at different times fully comparable.
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FIGURE 5 EXPERIMWENTAL IN-FLIGHT2 MONITORING SYSTEM
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FIGURE 6 OPTICAL SCAN OF A SINE WVE SPAR
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FIGURE 8 C-SCAN OF A GRAPHITE EPOXY LAMINATE
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Introduction

During the past few years there has been a considerable increase in the inter-
relationship between the major engine and airframe manufacturers, due to the need
to collaborate on many airfraft projects, both within member countries and across
international boundaries.

Whilst it may have been reasonable, over these years, to expect that these collab-
orations should have brought NDT Technology and methodology towards commonality, in
reality it is perhaps disappointing to record that considerable differences still
exist in both the application of NDT and other important aspects, such as the
Training and Certification of personnel working in the Technology.

Whilst there is no direct evidence that the different approaches used in NDT have
affected airworthiness, there are many pressures, both Technical and Commercial,
for requiring a common approach within the community in the future. The Technical
pressures arise from a need to achieve the same Technical standard of product,
irrespective of the place of manufacture, in order to meet the stringent Damage
Tolerance requirements now being placed on NDE, whilst the commercial pressures
arise from the need for industry to rationalise the methodology, so that components
are 'processed' in the same way, irrespective of the customer. An example of the
problems associated with the lack of a common approach, is shown in the differing
requirements of the major aero engine manufacturers, for the ultrasonic inspection
of turbine discs. A study of the physics of the different methods demanded by the
engine companies, shows that the same technical standard cannot be achieved, and
the commercial problems are obvious when it is recognised that these different
techniques are imposed on a common forging supplier.

As a result of recent collaboration activities with a number of other engine
manufacturers, Rolls-Royce har carried out a survey of the differences that currently
exist and these can be summarized as follows:-

Significant Differences - Technical

1. X-RAY

Penetrameters
Densities
Films

a) Penetrameters - These differ between Europe and the USA. In Europe it is
normal to use DIN (wire) penetrameters for calibration, and step wedges are
required in the USA.

b) Densities - Wide differences across the world, no international (or national)
standards.

c) Films - One film manufacture produces a totally different range of film in
the-USA compared to its European Product.

2. ULTRASONIC - (Rotating Parts)

Scanning Philosophies, Angles
Depth, Coverage.

Calibration Procedures

Grass, Attenuation

a) Ultrasonic Philosophies for rotating parts differs considerably from engine
company to engine company, particularly in Probe Scanning angles which vary from
50 scans to 450 scans, although all companies do have a normal to surface

F scan requirement. In addition, considerable variation exists in the calibration
procedures(one company still uses side-drilled holes in their test pieces), and

-6
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only one company appears to take into account the affects of grass,attenuation on
detection sensitivity.

b) A significant influence on the different ultrasonic philosophies, is the various
"opinions" on the likely orientation of sub-surfaces defects. In some cases it
is the opinion that defects generally follow forging flow lines, and other
opinions suggest that defects occur at a random orientation not necessarily
associated with flow lines.

Clearly, in order to commonise on ultrasonic scanning, the defect orientation
differences must be resolved.

3. MAGNETIC PARTICLE INSPECTION (MPI)

Amperage Values

Calibration and Control (Test Pieces)

The differences which exist in the MPI methodology are relatively few, but a major area
which requires resolution is the amperage values used to calculate component magnetiz-
ation requirements. These tend to differ largely between the USA and Europe although,
some values differ within each continent.

4. PENETRANT INSPECTION

Test Pieces

Process Parameters (Dwell Times, Temperatures)

Chemistry

Part Preparation (Etch or no Etch)

A wide variety of differences exist in this technology, both in the application of the
chemistry, and the preparation of the parts, in particular the penetrant contact time
(varies from 10 minutes to 10 minutes), and whether to etch or not to etch as a pre-
inspection surface preparation.

5. EDDY CURRENT - There appears to be very little differences in the application of
this technology; however, there are considerable disagreements in the claims on the
defect sizes that can be detected, this will be addressed later in the paper.

6. NEW AND EMERGING TECHNOLOGIES

Real Time X-Ray

Computer Tomography

Fluorescent Detection etc

Whilst it is too early for significant differences to exist in the new and emerging
technologies, a major problem requiring urgent resolution is to raise international
calibration standards which will prevent the development of bad practices and
technical differences.

SIGNIFICANT DIFFERENCES (GENERAL)

7. TRAINING AND CERTZPCATZON

Examination Requirements

Operating Levels

Periodic Examination or Assessment

Eyesight - Tests and Frequency

In each of these areas there are major differences which need to be addressed, although
there would seem to be more commonality in the training of NDT personnel across the
world, than in the Certification & Approval methods used.

The main problem with Certification and Approval is concerned with who should carry
this out. Some countries (and authorities) believe Certification should be carried
out centrally; others suggest that this is the responsibility of the Employer, albeit
to internationally agreed standards.
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8. MULTI-NATIONAL NOE SPECIFICATIONS

The main approach to AGARD to achieve common standards is to work towards an Industry
on Multi-National specifications for each NDT methodoly including the emerging
techniques. Work is proceeding towards this end in Europe and in Penetrant Inspection
alone, in the USA at present; however, there is no apparent effort to bring the USA
and Europe together in this area. It is essential that this must be done to achieve
the Common Approach goal.

9. PHYSICAL AND TESTING STANDARDS

One further essential step towards commonisation is to set up a 'Round Robin' testing
programme to

a) determine the detection capability of facilities and methods and

b) to calibrate each facility against required standards.

This work has already been carried out on air frame components and could be duplicated
on engine components. However, careful selection of test standards will be required
before meaningful scientific studies can be carried out.

The use of inadequate test pieces with untypical defects (particularly artificially
generated) may not be capable of distinguishing between a good or bad detection
system.

One area where cross reference and calibration is vital, is in the application of
Eddy Current for the detection of surface fatigue cracks. Dr L Bond's paper shows
that considerable differences exist in the claims made for the detection capabilities
of Eddy Current and since this will be the prime method for in-service inspections for
life extension, we must have an AGARD agreement on the actual detection caplbilities
of the method. Including in this agreement must be the

type of test piece

defect morphology (real or seeded)

Statistical method (miss calls, false calls)

and any other factor which must be taken into account to determine the probability of
detection.

N
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prdclsion de lnrdro do 0.05 ma. Lee 6carts observ6s industrielleaent prouionnent des
toldrancos our lea carapaces cdramiquos at des ddports dos noyaux A la coul6o.

Le0 contr~le par ultrasons no coflvlent pas toujours pour los reisons suivantes

Is1 gdoebtrie complexe & londroit do is assure donne des oscillograms inintorprdtablos et
done des assures Pau fiables.

-dans 10 ces d'aube monocristallinos ou rdalisdes on solidification diriga., i1 y a
variation du module diYoung dons I* matdriau at done variation do Is vitesse des ondes
ultresonores sulvent l'uriontstion do Is massure. Lee &aerts tonstat6s 1i 10 % sur lox
6paisscurs reoes par ultrasonal nous ont conduit & abandonner cette technique.

- 1 temps do contril.e dolt Wtr aMlioril.
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La miss en oeuvre du contrbl* par Courant$ do Foucault appllqu6 auz subes mobiles at sou
di 3tributours do turbine porfbt dlettelndro let objoctlts techniques at 4conoalques.

L'installation conolddrde. illustrdo our 1s ciicbd do I& figure 4, prdsente lee
caractdristiques suicantes

I&1 prdcialon do Is mature est lnf~rieure A 0,05 on,
- intdgration du syotbae do contr8le our un robot a peralo l'augmentatlon des cadences
come, Ie montre le tableau ti-dessous pour 2 applications

CONThOLE US CONTROLE CdF

Aobo mobile HP 5 A 10 ain 1 aln 50 5
18 pta do assure 

1p oasr
toutes lea 6 secondes

DI;tributour
3 1ae 15 A 20 min 5in 30 a
54 pounts do mesuro

2.4. Contr~lo des souduros our rotors do compresseur

Ldevolution du contrble radlographique de zonos souddos par faloceau d'6lectrons our rotor de
turbomachine en alliago do titan* conotitue Ie troisifte example.

Initlelement. Ie contr6le par Radiographic X rdolls6 on mode directionnol our I. p16cc
pormettait Ia ddtection do:

-manque do liaison our 10 plan do joint (30 % do l'dpaioseur do Is purce longueur mini
I A 10 as).

-criqoes longitudinoles parolills au cordon do souduro (10 A 30 % do l'6paisseur
lorqueur mini z1 6 10 as),

-soufflures (d 2 an).

Leahncossitt doamdliorer lea cadencos do contrble et lapparitlon aprbs soudago do criquos
transversalos do trhs petitos dimensions (longuour envIron 3 am o moins) do part ot d'outre
do plan do Joint dane Is c~rdon do soudure, a ndcaooitd Is also o point d'une nouvolle
technique do Radiographle appoldo "dynaalquo" * c'est-i-diro &wet rotation do Is pibce devant
Is tube RX pendent Io tir.
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Indipondomeont do leaiIloration du nivou do ditoction do cotte technique amillouro
visolution quo cello obtonue avoc un tube aicrofaeus-panoraalque, un gain Important do
productiviti a 6t6 rialis6. Lea tempo do contrilo out 6t6 divioio par plue do 6.

La tableau 3 on *ot l'illuatration.

TABLEAU 3

COITVOLE EADIOGEAPNIOUI D9 ROTOR SOU09 FE

TECHNIQUES UTILISERS TERPS PEPARATION IT TIE' RESOLUJTION.
PEEFOENANCE DE DETECTION

EADIOGEAPHIE COUVENTI009NLL BANQUE 0I LIAISON 30 IL
DI I. EPAISSIUE CONTROLEE
CRIQUES LOIIGIT1JDIVALES

- TUBE BE DIRECTIONL base 100 10 S. A 30 % DR LESPAIS-
- PIECE ET TUBE El FIXES SKUR COUTEOLEE
- 16 TIE PAR CORDON, SOIT ClIQUES EADIALES DETEC-

128 TIES/PIECE TION ALEATOIRR
SOUFFUEES 90.2 ma

EADIOGEAPHII OTUABIQUE BNJQUE :20 % A30 %. DR
(lire STAPEh LERPAISSIUR CONTROLEE

CRIQUES LONGITUDINALES
- TUBE E DIVECTIONNIL 10 S A£30 S DR WEPAIS-
- TUBE ES FIZE. PIECE UN ROTATION SEliE COUTEOLEE
- 2EGLAGI IN POSITION DU1 TUBS 38 ClIQUZS EADIALKS BiEn
- R RANUEL (LONG IT P10 PEECIS) DEfTECTEES
- 1 TIE PAR COEMM, SUIT SOUFFLUEES :0.1 1 0,2 m

8 TIES/PIECE

EADIOGEAPHIE DYNAI(IQUE
(26.0 ETAPE)

-TUBE E DIRECTIONEL 1s IDER (lire ETAPI)
-TUBB ES Fizz, PIECE gm ROTATION
-AUTONATISATION DU PILOTAGE AVEC FIABILITE ACCRUE

DES CONNANES DE TIE
- O POSITIONNIEN1T DU TUBE R
1 TIE PAE COEDM, SUIT
8 TIES/PIECE DAMS 2 SEQUENCES



3 CUD APPLIDIJII SUt UD!IIS EU 9UPLWUATIOU

3.1. Gd6ralltda

La ndcosslti do contirmor ou dd6tondrt on. dur~o do vie sGrt, &iast quo 1. constatation do 1.
pr~sonco do d6fauts do fonctinnsmeat on rdparation. ou d'incidents on utilisation, imposent
quolquofols Is programetion d'une Inspection *or In mat~rie1 en service.

Dens 1s dornior cam, gur Is base des risuitots do 1'ozp~rtie des 61leents d~tectusul. douz
typos d'action pouvent 6tro *nga&6os:

- J61lmination des risques d'une ddfaillance idontique reuiplacoment syst~watique des
puce.s incriminlos (actios correctives).
Isl prdvontlon des risques d'un* ddtslllances idoatique CMD des plices, lncrimnnes (action
privent iv*).

Dan* 1* to. do prdvention dos risque. I& wtbodologie adoptdo set Is suivante

- ne analyse prdclso, dos principaux parawitree tochnique. dont
Is noature du matdriau.
I& sar* do l'sinoaio,
ll'ccossibilit6 i 1s zone d'initiation do I'snomalie.
*lea risquos do contamination do fotour

condltionnant 1. choit do 1. m~tbode CUD A roenir pour cetto application (volt tableau 4).

-Le dicienchement don Is wise ou paint d',r procddd dinspectin selon Is chronoloqie ddfinie
(tableaux 5 et 5 bin).

IinVMM Ml PUICIPMO MANON U tOS M5 (&5 COIX M5 ,CUca A WM513

Plo,. U SO NAMtI&V AT 02 L'AiNM~ri &OCRISMLIT5

[.ft.t. ob51 ft. Put I- cane. P,~. aoU6* ,.i- .i~~i a 1... OR
114. III-. 41.00.. 96;.- '1...t . Io 411.- POL157106

66M01.. n10. 0 - 01C b. - en-i- tin- 00
d. P1- 1"11071.ro

UN0IO I I I -1 0 0A

ANALTIE WI2"1010
I00tIOI5.4 I I I I I0 0 A

tit-*00i0A1

WLTRAS0. 9 0 0A

CeAIS OR OCALT I - z 0 0

suiA@OII It 1 0 0

I *plbO.100 '*Ibo CI.41p~osbI. -I
*0511001100 IMPo.Oal. 0 reultatir

P-50 *..b".0
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TAIJ 5

CNIMGIE VINE RISE AD POINT OE WINKu CAD

ETUDEUATI Esoi CU AEALISAT1a, AMLICAT

CHOUE DE 55HW DIEPICTUAL JWLMEU TUTIESTESDVS

aiEil S CEPUITISCT KA COIX REALI AI API C AI I
ETIUS C LIATI SIESON. EAEUC~gA1'u 05 C CECE CEIIUXPBEUTS D E L

ANAYS UUIELELE$- A STNSM A MET h13E
DSEXUI ~ ESI PEFOANC OFIPI.I*EUO AL LIUES CIIOISI

temastc~ Narl. cErtN t FI!1 1 FI aboraTol Eor Snee I S iost a ~
KSce difotloS PIECES ~ l TAUXrec MUSSESa~ REDACTIONd

tactllitqET COFIUATO -U aparella doR dNPtblo~a de ~ f~ai. OIE drmt
dlffdrumto titb.oldr ordalnatoldia n ~ -prcA

pracdda on odclftq. t~cs dumio par pec~dTsC oer oon rtar

Id. ~ ~ ~ DOO PRlaaA p OD ai o S@IlLpotse o es14TEp~
Performances DTECT I l O N)- dfcsogll~lf ifet emto

* P00catle taest ccpt.ii p OMPbA prE.11e
* ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ AE PIo POfSEIrlfc.gam do lossdods~oa

045~ ~ ~ ~~~~~C a-rs res Isttc w rattf

caract~~~rTANY So i aut frma

CHMMOSIE ~ tr~ dooK RIEA pPI T Dcas...) E OTRL NRDETU

III ~ ~ ~ ~ 2 oar mOErs asN A IAINAL IM LNMIOrL. STO E OTUSDA

CHOIX ~ ~ ~ ~ ~ ~ ~~g~iar DE KdiTONE I- Hflca RALSTIN PLIATO
"MORES ~ ~ ~ ~ ~ ~ ntms dME -4LScO 1KON XEIEdTO ESPOEDSwmiPNNT KL

difforowts conr~le standard ces dlao montre ndpc- "wo-prof

(cf. tableau 4) Pikes aroc do lopwsibi e tdesdslmsa

POO catift tempt o o iossiblt dr~ae-l
Towndo fes- artiic~l on deastld t do disprsnr

car~torl- de tlam s .cfrm tri

. . . . . . . . . . .. . . . . . . . . . . ..... 



Citas 4 ezemls Caets issue do mietre eapirleare

3.2. Fissures do tattle set koid dattauwe da$Ubn

A Is suite Won* rupture dasubs do Jor ftage do comracsur ar us feter. 11 a irA dicid6
d'appliquer a mistaoses us comtr8Ie priwstif our tout Is parc, de$ tuarbor6acteurs am
service same d&atage 4a, is puce Imetaisi. it fallult "flair moo mitbods COID applicable
dirMetemst our moor swleess.
La cbols 4e Is terbaique, me parts. our low Courats do Foucault. go iquipeeeat 4e costril.
sat balayage cuml-autematlque ds Is some d costrileor par Is sed" Up fut rialiaG (vote Fig.
Seat 6).

DETECTIO'N Caxa Ba nIPAXUm sut I=a 9-ATACU DIMgS

PAR MlUM fi FAOGUCI

bouton poussoir, Noteur Aiectrique

Support de
sonde

Softier de Cde
soteur 6lectrique

Fig. S goads4 Courants ds Foucault. moteur avioma6.

Fig. 6 - 1lsetstos costrfle, moteur avieshi.

LA vaidation de to eitbode a Wi errectuds cur puceo &Yet flijure do losguour diveiopp~e
ftele a I eM. Cetts valeur coactitue 1s small de diteetloft do Is efitbode.

Trio pew do taweces &larms out 6t# constat~es. consiquenc* du systbas semi-autonatiqu*
Cllsieat 1inlfluence ds Ilopirateur. Ls toms 4e contrbls relativeset bet :we bears pour
Veseale de, is rolo. mct tris Intirlour aw toep$ nirsisaire A Is dipos. et repose do
enteur, ave diontage et reeootage do toutes, I*$ sub** de ler itage du roeprecceur. colt
S heare *ee passage 6s Iles am po1st fiet.



L'Istervalle d'ispection 6yalud i partle do Is criticit& 4a ddfast £talt do 50 houre..

go mistesace. 133 notourv oat 60i costrbl~s par Its utilisateurs our base. Sur 12 aubes.
out 6td ddteetdem des Indications C. de Fowtut. Wirs "~pose. 11 tubes pr~seataient
effectivst des criques do fatigue do dimasion supdrievre A I an (seull at sue use sube
Iliditatios, corc~spondat i as Impact asses Important.

3.3. fissures see fates do terus dens n disous,

In utilatioa, des criques do fatigue-flusge eeamrqaat dens us roy., trio faible an dealt
d-uA cectrage sent apperues sur des disgnes de compresbear on ulliago l~gor.

Le crique preseit saissaaco dens ou, %one quasi-laccessible saes dd6catage do In pikce
Iscriaei,6. (voir Fig. 1 at 8).

Fig.I

traducteur

ra-jet du faiscoau utrasonorc

fig. S

Coapte ten dO cotte diff icultd. soul I* contr~lo ultrasonare per contact cur rotor tomplat
dtait onvisageable.

gst prftiro aithade, (fig. 8 ) fut als as point at tut appliquio, lmmdiateMnt i use pArtie
do pore notate (44 disquesl. Le *elol do d"toctiou Gtabll ser "~feut rdol at wall"d per
dissection duna disque crIqud 6tait do l1ordrs do 1,5 an. Aucuse, fans. alarm partieslidre
8,4 6t0 coastatode dns Vapplication do cotta oitbode.
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Cri

.ra8et dui faisceau uitraSOflore *Trajet dui faisceau O~rasonore

Fit. 9

Use danzilm ofitbodo, fnddo our mI l MW Principe a Wt Wttel. Les conditions da contr~le
tinient 6t6 optimisdas atn do rddulre 1. seull do ddtectioa A 0.5 m at pour augnenter let
intervallos d'inspectioo. La sondag* ultrason 6tait rdals6 sous on agle plus foible at dens
n. rdgion procha do l'6paulemat dens loquel a'inltialt Is crique racherebdo (Fig. 9).

Fig. 10

Ainsi ddtinte. la mnthod* tnt appliqu6o A 38 antours. Les 36 dlsques turant trouvds criquds.
Parini ceuz-1A* our n dlmqu*. Is dissection an drolt dos Indications d~tact6as. mucuna
tissure a 6t6 constat6e. Cest on "roseaut" dens langla do 1*6paulmaest qui, on Itauss*
alarm" a g~ndrA use Indication do ditaut (Fig. 10).
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Fig. 11

one troikim nthode per Courants do Fouacault at applicable seuleeut Suar disque "d6.d a
permis do cociliar use faible vlour du sevil de ddtection (0.7 Ma) at urn taz do roussos

sas acceptable foul en loccuarrence).- (fig. 11)

3.4. Fissures do fatlave star des Straits 1ntor-4tase do cmwrasaur

La troisim cas d'aaomlia cosstat6 on application conerins Ismmorpag. 4e crique da fatigue
star des vireles intermidiaires pesitieads entre disques do comressnar. Lee criques
apparaistsient prdfdrentiellemont doe dese ncehes destinG., & quilibrer Is rotor, dont
certAines noaiest 6t6 r6alisdas dune manubre soa conforms maintenance.

La configuration das laquelle I* contr~le devait Wte rialis& imposoit uan ddmontage
minims ddpeso dat rotor. et me permattoit pas dawoir accbs directament & It tone ob
slimitiaient Its criqaaes. Orne sithoda do cestrdle par taltrosens aitiliosat des r6flexions
multiple$ do faintest scoustiqae a 6t6 tatilisde (Fig. 12 et 13).

US leu US tApe

Axesch

Axes 
del

F igc' 12

uiriooe

a ,.
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Echo Ac ddPrt

aMontag NA

vioe A OSCILLOGRAM4E SUR UNE

ZONE SAMS DEFAUT

Paloeur US Face d-aDpou

-ZONE 'APPARITION DE

L 'E HD DE DEFAUT

Echo de ddpar t

MontageO0CILLUGKAMmE 
SUN UNE

V /0 ZONE AVEC DEFAUT

Echo d6 A la criq.ue
Poloeur U

Fig. 13

Sur plus do 100 motours contr~lds. 5 siroins taret trouvdos Criqu6oe. Bien quo 1. souil do
ddtectioo fast Initiaeaant fi&d a 3 m. I* plus petit difeut ditect6 prisontait no longuour
do 1.7 not. cotte velour a constitud 1n nouveau se.11 do ddtection.

Compto tofu du carmctbre state do Vondomiagament (awor~ags an fatigue olitocyclique.
propagation on fatigues oligocycliquas at vibrations combindoo), les inktorwalos
d'inspactio sont foibles (200 h A 50 h solon les cat).

3.5. Ruptures on fatimme do trains daubas do cmressurs

Ratio, does 1. dornior coo, 11 a'agissait de ddtectec das ruptures do trains dasubsa qui BoatE
dostinoes & bloquor let subs* on position our dioque do comproesour. Cos ruptures s
ddvoloppont radialoment on fatigue our lea rayons do pliage dast Elbs utiliodes pour rdallser
la fonction do train. La m~thodo retanue consists A radlographior I* secteur co~cern6 par
gaagrapie. La radio Isotope (source do rojonnement y~) eat tatroduit dens Vaie moteur do
conception tubulaire, lea film radiographiques Atant placdo our 1. p~ripb~ria du raceuc.

A notor qua l1une des origines do catte concaption tubulaire do* arbres do coepreaneur ou de
turbine eat do facilitor 1* contr~le on maintenance par gammmographie.

Fig. 14



4. APPEOC11I SIATISTIOUX DCS CUD

Come lea diff6rents sozmplas Vost nostril, lea performnces dos contrbles Ron dootructifs
&out conditiosodes par 3 paranktros

- 1s tas de son ddtection,
- Is tas do families alarms.
- Is tea offoctif do pi~ces d6factuomises.

La non-diltactlon do "fat 116ke onson & des faussos alarms pout avoir pour origins

- usn* dimosion do douf mit trieuro an souil Saranti do d6teeton
- dos anomlies hnte~ostives mgiant I* "~fast & rochorchor.

Daes co cao, 10 typo dlenomlios appolil famissos alarms qui pouwont Otre classdos on 2
tat6gorioo

- aomallos 116.s as systm do incure,
- aftmallos likes a Is pifto.

par steeple

TECUNIQUB AMMULIK LIEU AD SYSTUE AOMKL1E LIUE A LA PIECE

Comirants do Foucault "Lift off' os 6loignement - agn~tis rimnont
soo/Pike*I Contraisto d~trmisaage

- ffot do structure

Ultresons - Eauyals couplago captour HeBrb* - bruit do structure
Pikes Rayures - cte our pikes

- kilos desir
- Bruits do foad

Alectrosiqio

Radiographi. I - Eajuro. film -Phnoalnoe do diffraction
- ers plomb us ritrodiffusion
- Pb do d~voloppowast - Ligno noiro" does

souduro

lossusoe - Nawwaiso application du Z one de r~tontion dons
PrOCdd6 as particulior Is Pikeo
love&* - tet do surface nos

Le pris on compto do tes diff6rents aspects pormt. d'6tablir lea performancos r6olles des
proe6d~s A pertir:

- do Ia ddtriatios do Is probabilit6 do d~toctios on relation swat Io tous do fass
alarms do Is tehnique conald~r6.

- dos 6tudos techniques d'applicabilitA do Isaftbodo CUD on fonction do Is configuration
g~altrique piico ot de leaccossibilitt des zones A coatrblor.

- du stado d'intervontion
*fabrication,
*r~paratiou,
exoploitation.

go tabloeau do synthlso do 116olition dos C11D (tableau 5B 6) dross* I@ bilea our los
dornulros anakes ot des tondancos ectuollos sar Io$ choix tecbniques d'applicetion des OlD
test on fabrication qmion oxploitation.
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TABLEAU 6

EVOLUTION DES COcTROLES WN DESTUCTIFS

A LA SNACM AU COURS DES DRIEERES A EES

METEURS COMPETS
PIECES O,

APPLICATIONS
ASSE MBA ES a V s., t s 11nn t - -n es t

PRINCIPAUX STAVES METKUIS SEM C .mZ
ODINTERVENTIG V L'EVOLUTI-OR 5 d

PROTOTYiP$. I U 1 a* M

en fabrct one -------------------------------------------- WU-

apris fonctlonment

: A fs d li ta g * -
X x U

.Pro% dbewtage----------------------------------------~

on fabriati----------------------------- ' jr w V -.- x

event l1wretsn desoftseii - E--------------- U- --- -- -I- - ---- - - -

UTILISATION

p id tefon part icullt re ------------------------------------- , w Up w ---

REPARATION

Iris r~paraton ----------------------- o - -

apris asst des moteurs rdmrs ................................- --- U .. X

r Acr"Cts ment Stab. ou dllinutio X En coors d'ftudes ou applic. sofcIfIRu

5. COCLUSIOS

La qutllt6 dent Is production ot I'esploitetion do turboeachinos Imposo eujourd'bui do

disposer do afthode ot do oyaes pocroreante d'Inspoction non detructrive, adaptA6 suz
configurations des pluce., mis on parllilo 1' inspectbilit6" des composants dolt Otr
prise on comte mu nlveau shoo do lour conception.

L Intervention do is conception. Is fabrletion et Is qualit6 don is tdfinition de nouvesux
notouro favoris isdoption do solutions techniques issues d'un comprosis ntcre

- is fonction du codaposant,
- Is faisabilit# quent A So fonction,
- is "contr61abillt6" on fsbricstion. asintenanco et rtparstion.
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RECORDINGS FROM ACARD SWMP _KEING ON DAMAGE TOLERANCE ONCEPTS FOR ENINE ONSTITIIJENTS -
NON-DESTRUCIVE EVALJJATION, Luxebourg, May 1988

Dr. A.F. Blom Major R.F. Drummond
Structures Department Aerospace Maintenance
The Aeronautical Research Development Unit
Institute of Sweden (FFA) CFB Trenton
P.O. Box 11021 Astra, Ontario
S-161 11 Broom, Sweden Canada KOK 1BO

Through discussions occuring between each of the formal presentations, the meeting arrived et a
concenaus that follow-up action was needed in the following areas :

a. modelling (both of defect initiation/growth and of the non-destructive testing (NDT) process/flaw
interaction);

b. statistics and data collection to define NDT reliability; and

c. the initiation of round-robin testing of standard samples with actual flaws to enlarge the proba-
bility of detection (POD) data base and to facilitate the sharing of experience between concerned
agencies.

MODELLING

1. Failure occurs when design exceeds process control; certifying authorities must decide what standards/
measures of process control are satisfactory and what data must be collected to verify that the
specified process control is attained.

2. The destructive testing to prove component durability, and the manufacture and post-test exmi-
nation of POD specimens to determine NDT reliability are expensive. At this point, such tests are
conducted until a cost-benefit decision is made.

3. Newer engine structures are under complex loads and made of materials whose fatigue hehavioul is
not as well understood as those in older generation components. This makes a comprehensive inspec-
tion of fracture critical components to assure a "defect free case" impossible. Finding defects
at the required probability is only possible at predictable locations for failure sites. However,
the stress levels in critical components and the fatigue intolerance focr some of the most
advanced materials is heading toward a situation where cracks could initiate anywhere from
extremely small initial flaws. Therefore, the introduction of retirement for cause (RFC) has
slowed the trend toward increasing performance of gas turbine engines while the nclustrV
develops materials with greater crack nucleation and growth resistance. It was estimated that a
further five years might be required before efforts are renewed to push at present thrust/
weight barriers.

4. Eventually, the trend toward engine materials and designs improving performance will bring with
it critical crack sizes which push against the physics which dictate crack detectability by NT
methods. Also, accurate prediction of crack location and orientation is mandatory for a safety-
by-inspection philosophy to be successful. So far, such definite defect prediction and dete(tion
has been elusive.

5. It was mentioned that the RFC philosophy addresses these concerns by obligating the use ct
materials with known favourable crack growth rates. Also, analysis must provide for conservatism
in design to provide surviveability for at least two inspection lives with defects at the 9O Z
POD 95 2 confidence level. RFC will only be applied for components with critical defect sizes
which NT technology (which is continuing to develop) has been proved capable to detect.

6. Designers of gas turbine engines are not universally obligated to include "inspectability" by
NOT in component designs, although most are at least educated to do so.

7. The design of engine components which meet RFC criteria is a team effart between the design and
NOT engineers. The design engineer must define what defects will be produced by manufacturing
processes and service conditions as well as their propagation rates, orientations and critical
sizes. Then the NDT engineer attempts to characterize the inspection system's response to these
features, optimize flaw detection atd set pass/fail criteria.

8. While a thorough understanding of the underlying physics of all NDT methods has not been
essential to their effective application to this point, such fundamental knowledge is necessary
for techniques to detect defects at the sizes and reliabilitiep required to support engine
design of the future. It was estimated that development of a model for eddy current/defect
Interaction to the same degree as that available for the ultrasonic method is at least five
years away.

9. It was mentioned that NOT method reliability can be studied, in some instances (such as for
ultrasonics), by computer modelling of the process/flaw interaction. It was pointed out that this
approach was limited in that it did not add to practical knowledge or experience.

Ic

&



R2 STATISTICS/ATA 0D)U.ECTION

1. While data was displayed showing generally recognized minimum detection limits for various NMDT
methods, practical reliability data is still not readily available. No single figure should be
used to state POD as a general truth for any method.

2. Due to the expense and effort associated with NMDT reliability studies, POD data is very sparse
(small sample sizes in each teat). Statistical methods presently used for analysis of such data
was questioned; perhaps the statistical methods used in civil engineering might be tried and the
results compared with present NMT reliability practices for conservatism.

3. The understanding of total POD must be broader - probability of the defect occuring, probability/
rate of crack growth, probability of detection (NMT). etc.

4. Some error in POD is created by the difficulty of accurately sizing defects such as cracks, even
by metallurgical examination.

5. The USAF is attempting to establish a standard for the quantitative evaluation of liquid
penetration inspection and eddy current methods. A workshop on that topic is scheduled for the
Quantitative NDE conference at La Jolla, California in early August 1988.

ROUND-ROBIN TESTING

I. As stated in "modelling" the manufacture and post-test examination of POD specimens to
determine NMDT reliability are expensive.

2. It was proposed that some round-robin testing of a standard specimen set containing "real" defects
could be useful to gather sufficient data to make NMT reliability determination possible. However.
a suggestion was mide that the standardization of NMr systems between participants can be
difficult. For instance, many parameters must be considered for highly sensitive ultrasonic
testing. Nevertheless, it was concluded that such a test would be useful to establish and shvre
an NMT reliability data base as well as to examine statistical approaches to the treatment of this
data. This topic will be discussed further at the next AGARD SHP business meeting scheduled for
this autumn.



VREPORT DOCUMENTATION PAGE
I. Recpient's Reference 2. Originator's Reference 3. Further Reference 4. Security Classification

of Document

AGARD-R-768 ISBN 92-835-0484-4 UNCLASSIFIED

5. Originator Advisory Group for Aerospace Research and Development
North Atlantic Treaty Organization
7 rue Ancelle, 92200 Neuilly sur Seine, France

6. Title
AGARD/SMP REVIEW - DAMAGE TOLERANCE FOR ENGINE
STRUCTURES: I. NON-DESTRUCTIVE EVALUATION

7. Presented at the 66th Meeting of the Structures and Materials Panel of AGARD

in Luxembourg. 1-6 May 1988.

8. Author(sd/Editor(s) 9. Date

Various November 1988

10. Author's/Editor's Address It. Pages

Various 126

'12. Distribution Statement This document is distributed in accordance with AGARD

policies and regulations. which are outlined on the
Outside Back Covers of all AGARD publications.

13. Keywords/Descriptors

Nondestructive tests Damage
Engines Evaluation
Components

14. Abstract

The AGARD Structures and Materials Panel is co-ordinating a series of four Workshops
planned within the framework of a Review on Damage Tolerance for Engine Structures. The
Review aims to address the areas critical to the acceptance of an approach based on damage
tolerance concepts as an alternative lifing philosophy to that of "safe-life" for the design of engine
components.

This publication includes the presentations made in the course of the first Workshop. together
with the Recorders' Report.

The Workshop was devoted to Non-Destructive Evaluation of Components.



0 0

00 R0l .
0~0

a- p

z w u U Z 0 L. U

CL0 0 j~ I s

CA '8

< co

0-4
0.<o~

01 -i UC 12ow sou

< < C

00

2 0
< <

00A S '
r- .0 C

0 Q..'9 -WU

Ozz
z tj Z0 '0 I. 0<'Oj <



0o m

.0 .0

06

.500


